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Livestock products contain valuable nutrients that enhance human health, and their
production generates positive local and national economic impacts. The livestock sector
also deals with large quantities of environmentally important nutrients in manure. The
purpose of this thesis is to further the aims of researchers and educators working at the
intersection of livestock production and the environment to identify and promote best
practices for livestock production and manure management that are economically and
environmentally sustainable.
The second chapter explored options to evaluate nutrient flows in feedlot runoff at
the pen scale. Pen scale monitoring is an important consideration for research into
management effects on nutrient flows. Thus, two runoff monitoring systems were designed
for the “700 alley” section of the feedlot at the Eastern Nebraska Research Extension and
Education Center. The first design utilizes an edge-of-field runoff monitoring system that
utilizes flumes, automatic sensors, and automatic samplers to monitor runoff flow and
composition, with an estimated cost of $13,100 per pen. The second option involves a
runoff collection concrete tank with five different tank sizes, with larger tanks being able
to hold runoff from a greater share of runoff events. To automate the tank systems, an
Arduino-controlled automatic valve connected to an Internet of Things platform via Wi-Fi

was designed and a prototype was tested. The estimated cost of the automatic tanks systems
is between $2,200 and $3,300, depending on tank size.
In the third chapter, surveys and focus groups were conducted to understand
manure treatment technology usage and the decision-making process behind the adoption
of those technologies among swine and dairy producers in the Midwest. The surveyed
dairy and swine producers indicated that they most valued technology with low
management and maintenance demand, adaptability to specific farm conditions, and high
performance capacity. The primary desired outcomes of treatment systems currently in
use on the surveyed farms were compatibility with the preferred land application system,
retention of storage or treatment capacity, and attainment of regulatory requirements. For
future technology adoption, technologies that allow nutrient exports and reduce workload
were favored in addition to the current operational outcomes. Initial cost, operational
cost, and return on investment are the main barriers to upgrading the manure management
system in swine and dairy farms; and management demand is an important barrier in
swine operations. Changes in regulations and fluctuating availability of manure hauling
services are the important trends affecting farm manure management. For future
extension programming, university lead farmer discussion groups in manure management
are recommended as producers value and trust information coming from their peers.
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Juan Carlos Ramos Tanchez, Amy Millmier Schmidt, and Richard Stowell
1.1. Introduction
Nebraska lies in the Northern Great Plains region of the United States (U.S.), an
area that provides many ecosystem services, including crop and livestock
products, recreational opportunities, and soil carbon storage, among others. While the
region is historically known as the heart of wheat production in the U.S., livestock
production in the region is a significant contributor to the economic share of agricultural
enterprises. By the end of 2020, Nebraska had an inventory of 3.65 million hogs, 60,000
dairy cows, and 6.85 million head of cattle including calves, with 2.72 million of those
being in feedlots (NASS, 2021). For poultry, in 2017 the state had 1.22 million broilers
and 7.35 million layers (NASS, 2019). In 2012, 4,516 cattle feeding operations were
reported in Nebraska, with 1,880 of those handling more than 1,000 head at a
time (Holman et al., 2015). Nebraska reported a production of 6.8 million head of cattle
and calves in 2018 (USDA, 2019). The economic value of beef production in Nebraska
alone is estimated at 8.56 billion dollars (NASS, 2019). In 2021, Nebraska slaughtered
seven million head of commercial cattle, being the largest quantity of beef for any state in
the U.S. (NASS, 2022). Between 2019 and 2021, Nebraska exported between 10.7% to
11.3% of its beef production (USDA, 2020b), principally to Japan, South Korea, Mexico,
and Canada.
The livestock sector produces high quality protein that, altogether with a healthy
and varied diet, enhances human health (Elmadfa and Meyer, 2017). In that process, the
sector generates an important positive economic impact (USDA, 2021a;

USDA, 2021b). As U.S. livestock production is forecasted to keep growing in the
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upcoming years (USDA, 2020), the use and protection of water resources is a key
factor in the long-term sustainability of the sector.
1.2. Livestock production in the United States and Nebraska
During 2019, the U.S. produced 13.6 million tons of slaughter beef (NASS,
2019). Production of cattle in the U.S. is expected to continue increasing as world
demands for protein-dense foods increases. In the U.S., the USDA (2020a) forecasted
that increases in the demand for beef products will be the chief factor behind the rise in
production, which is expected to reach 29.5 billion pounds in 2029. However, USDA
(2020a) also projected producers to earn lower returns due to a slight reduction in sale
price, because of production rises and an escalation of the feed costs caused by an
increasing local and global demand for crops (USDA, 2020a).
For the swine sector in the U.S., USDA (2020a) anticipated hog prices to increase
between 2018 and 2029. In that report, the hog inventory in the country was projected to
steadily increase every year, moving from 73.1 to 83.2 million head in 2029. Exports of
hog products were projected to nearly double over the same period while their imports
were expected to slightly decrease (USDA, 2020a). USDA (2021b) reported that in 2020,
hogs and pigs generated $19.2 billion in the U.S., representing a 12 percent decrease from
2019, mainly because of the COVID-19 pandemic. In that year, Nebraska produced 1,570
million pounds of pork products that had a production value of $713.5 million and
generated $757 million as gross income (USDA, 2021b).
National and international demand of dairy products will drive a steady growth in
the dairy sector in the upcoming years. The U.S. dairy herd is anticipated to grow 1.4%

per year and the production of milk per cow is expected to increase between 2018 and
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2029 (USDA, 2020a). For 2020, USDA (2021a) documented that Nebraska had an
average per cow production of 11,248 kilograms of milk (1.04 kg equals a liter of milk),
above the U.S. average (10,807 kg/cow). In that report, USDA stated that Nebraska had
59,000 milk cows that produced 663 million of kilograms of milk, representing 0.65% of
national production. Between 2016 and 2020 the number of cows and the amount of milk
produced in Nebraska have not presented important changes (USDA, 2021a).
While many social and economic benefits are associated with the rapid expansion
of livestock production, sustainability challenges associated with management of manureborne nutrients and contaminants exist. Policies and technologies are needed to assist
livestock producers with managing these contaminants to support environmentally-,
socially-, and economically sustainable animal production (FAO, 2007).
1.3. Beef feedlot production
Like all production systems in agriculture and beyond, beef production continues
to evolve to support a more efficient and environmentally sustainable industry. Along
with food safety and animal welfare, responsible management of manure to protect
environmental resources while remaining economically productive allows the beef sector
to be sustainable into the future (Galyean et al., 2011). Beef production systems and
conditions in which cattle are raised vary by farm and geographic location.
Understanding the generalities of U.S. beef production operations is important to
realizing the common environmental management challenges faced by producers.
Before entering a feedlot system, calves are grown in cow-calf operations. There,
a herd of cows is maintained with the main objective of producing calves, with a calving

interval as close as possible to one year (Herring, 2014). Calves will be grown on a
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grazing diet based on pastures and rangeland for six to ten months (Shanks et al., 2018).
These kinds of operations are distributed across the U.S. and usually ship calves to states
specialized in feedlot systems (Shanks et al, 2018). In the U.S., beef feedlots are
principally located in the Great Plains due to the favorable weather conditions and largescale production of feed crops (Drouillard, 2018). Weaned calves can be moved directly
to a finishing feedlot when they weigh 200 to 270 kg, or they can instead enter a
backgrounding dry lot or a stocker pasture system prior to moving into a finishing feedlot
(McAllister et al., 2020).
Approximately 60% of weaned calves in the U.S. are fed in stocker systems on
pastures or in backgrounding systems using dry lots and forage-based diets (Greenwood,
2021) with the remaining 40% directly enter finishing feedlots. The main goal of the
stocker and backgrounding phases is to promote animal growth without provoking fat
deposition (Endres and Schwartzkopf-Genswein, 2018). Animals are in these phases until
they reach at least one year of age, at which time they enter a finishing feedlot operation
(Drouillard, 2018).
Cattle typically enter U.S. feedlot systems at an average live weight of 364 kg
(Greenwood, 2021), coming from specialized cow-calf production systems,
backgrounding operations, stocker operations or a combination of those. The age at
which cattle enter finishing feedlots is influenced by weather conditions and pasturegrain price relations.
Beef cattle finishing feedlots utilize two main production systems: open lots and
housing structures. Open lots may include protective structures such as windbreaks or
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sheds, but animals are primarily housed outdoors on earthen or concrete surfaces (Euken
et al., 2015). In the confinement structures system, cattle are housed in roofed structures
that can be beneficial for managing manure and wastewater in areas that experience
significant rainfall and for increasing animal comfort and protection against adverse
climatic conditions (Endres and Schwartzkopf-Genswein, 2018).
For feedlot in the U.S., Stehle et al. (2018) reported that cattle are on feed for an
average of 161 days. This finishing phase targets achieving the desired fat deposition for
marketing high-quality beef, using a high grain and low forage feed ration (Endres and
Schwartzkopf-Genswein, 2018). At the end of the finishing phase, cattle should be at a
slaughter weight of 610 to 635 kg (McAllister et al., 2020).
Stocking density and diet influence animal performance in the feedlot (Honeyman
et al., 2012). Stocking densities vary from as low as 10 m2 per head in dry regions to as
much as 30 to 60 m2 per head in regions where higher precipitation rates are common
(Grandin, 2016), with greater pen space per animal improving cattle performance (Mader
and Colgan, 2007). Greenwood (2021) derived an average of 11 MJ of metabolizable
energy (ME)/kg dry matter (DM) in finishing diets used in U.S. feedlots, and Drouillard
(2018) reported that 6–12% of that diet is composed of forage. Diet is the main source of
nutrients entering the feedlot system. Decreases in the amounts of nutrients fed to cattle
can decrease the amounts of excreted nutrients in manure (Vasconcelos et al., 2009).
Worldwide, livestock are consuming as much as 6.0 MMT P/year, mainly in confined
livestock operations (Liu et al., 2008). While P is an important dietary nutrient to sustain
animal health and growth, cattle are inefficient at utilizing ingested P. Between 40 and
70% of the P fed to ruminants (e.g. cattle) is excreted in manure (Dao and Schwartz,

2011) making management of feedlot manure critical as a high percentage of the P
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entering the production system is not retained by the animals (Geisert et al., 2010).
Kissinger et al. (2007) reported a mean of 7.2 kg per head per day of manure
being excreted in feedlots in Nebraska. In those feedlots, a mean of 65 grams of nitrogen
(N) and 32 grams of phosphorus (P) were excreted per day per head. Livestock
operations handle significant volumes of nutrients, especially N, P, and potassium (K), as
those constitute the major component of animals’ diets (Petty and Cecava, 1995; Filley,
2011; Geisert et al., 2010).
After being fed, unused nutrients are excreted by animals. The physical and
chemical characteristics of manure varies depending on the species and step of growth of
animals, the production system, genetics, and dietary composition (Lorimor et al., 2004).
Generally, the predominant nutrients in manure, in descending order are C, N, sulfur (S),
K, sodium (Na), chlorine (Cl), boron (B), P, and others in smaller proportions (Menzi et
al., 2013).
Nitrogen is an important nutrient present in cattle diets. After ingestion, N content
and crude protein degradability in cattle feed drive the amounts of N retained by cattle.
After manure is excreted, N can be lost as gases to the atmosphere as ammonia (NH3) and
nitrous oxide (N2O) or lost as nitrate (NO3-) and other N forms in runoff and leaching
processes. The chemical forms and quantities of N losses are influenced by diet,
production system, manure management practices, and environmental conditions. Around
15% of fed N is utilized by the animals for growth and development, 44% is lost through
runoff and volatilization, and 41% is retained in the harvested manure (Waldrip et al.,
2015). Surprisingly, Erickson and Klopfenstein (2010) reported that higher N content in
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feed generating higher N amounts in manure did not impact N content in runoff during a
study evaluating the effect of management and diets on N losses in feedlots.
If not managed properly, manure nutrients pose a threat to surface and ground
water through runoff, erosion, and leaching of nutrients. Human health concerns arise
when drinking water quality is impaired by nitrates from fertilizers like manure
(Sharpley, 1999; Boyd, 2020). In addition to nutrients, pathogens in animal manure
represent a potential risk to human health. Cryptosporidium, Giardia, Campylobacter,
Salmonella, and toxin-producing E. coli are the principal zoonotic pathogens present in
livestock manure (Dufour et al., 2012).
As an excellent source of agronomic nutrients, recycling of manure for crop
fertility applications can decrease reliance on inorganic fertilizers. To ensure the
economic and environmental sustainability of animal manure and wastewater use for
irrigation and fertilization, the process of collection, storage, treatment, and land
application needs to be done correctly (Connor et al., 2017; Sims and Kleinman, 2005).
Since 1972, the Clean Water Act (CWA) has regulated surface water quality standards
and the discharge of pollutants into waters of the U.S. In livestock production, animal
feeding operations – defined as systems where livestock are confined for 45 days or more
in any 12-month period to an area that cannot sustain vegetation – can be defined as
concentrated animal feeding operations (CAFO) once they meet specific criteria for the
quantity of animals confined or their potential to discharge pollutants to waters of the
state. The livestock production area of CAFOs falls under the jurisdiction of the National
Pollutant Discharge Elimination System (NPDES) program, which dictates that livestock
manure must be managed to prevent point-source pollution of surface water (EPA, 2021).

Seeking to protect water quality and aquatic ecosystems, the NPDES program provides
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guidelines for the design, construction, and operation of manure management, storage,
and containment facilities to mitigate point source discharges of manure to surface
waters. These regulations are compiled in Part 122 of the Clean Water Act (EPA, 2012).
In a 1000-head feedlot in Nebraska, 7,200 kg of manure (solids and water) would
be harvested per day on average, containing 65 kg of N and 32 kg of P; and around 1.1
million kg of manure would be harvested after a 150-day feeding period (Kissinger et al.,
2007). Between 80 and 90% of the N intake is excreted by the animals (Bierman et al.,
1999; Farran et al., 2006; Luebbe et al., 2012; Kissinger et al., 2007). After excretion,
manure becomes mixed in with the feedlot surface, which is usually bare soil, but could
also be a paved or concrete surface (Edwards et al., 1986; Euken et al., 2015). Most of the
nutrients and organic matter are retained in the superficial layer of the feedlot surface
(Cole et al., 2009). The mixture of manure and soil is managed as a solid and is
commonly scraped from pens in intervals that go from once a week to once every six
months, depending on the conditions of the surface and the availability of storage and
land for manure application (Edwards et al., 2015; Bonifacio et al., 2014). Concrete
surfaces allow for more frequent scraping compared to earthen surfaces (Edwards et al.,
2015).
After being scraped, the collected solid manure can be either directly applied onto
crop land or stored in stockpiles until application (Euken et al., 2015). During storage,
manure composition changes as nutrients are lost to the atmosphere in the form of gasses.
Reductions in N of 14.3 to 24.2% and carbon (C) of 37.5 to 40.4% were reported by

Luebbe et al. (2011) after 104- and 111-day stockpiling periods in Nebraska. Greater
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nutrient losses should be expected after longer storage periods.
Another portion of the nutrients and organic matter excreted by cattle becomes
mixed with rainfall and can leave the feedlot pen surface with runoff. Feedlot runoff has
been reported to contain between 0.06 to 17% of the excreted N (Bierman et al., 1999;
Farran et al., 2006; Luebbe et al., 2012). Runoff N values between 0.004 and 1.47
kg/steer were found by Erickson and Klopfenstein (2010) in feedlot N balances in
Nebraska. That study demonstrated that most of the excreted N is lost in volatilization or
retained in the manure prior to land application, while runoff accounts for only a small
percentage of the excreted N (Erickson and Klopfenstein, 2010). Rotz et al. (2019)
studied the concentrations of active N, N leaching, and N and P in runoff among cattle
operations in the U.S. They found that active N losses can oscillate between 155 ± 12 g
N/kg carcass weight (CW); N leaching and runoff were estimated to be 23.2 g/kg CW,
with the main losses in the cow-calf phase (63%) of the growing process; and P runoff
accounted for 0.38 g/kg CW.
Phosphorus runoff losses of up to 5% of the excreted P and 1 mg P/kg CW have
been reported for feedlot surfaces in the U.S. (Kissinger et al., 2005; Rotz et al., 2019).
The amount of ingested P has an impact on the composition and quantity of excreted P.
Higher proportions of water-soluble P are expected to be present when increasing dietary
P levels (Dou et al., 2002).
Containment of runoff is essential to avoid environmental degradation. Pens use
slopes, ditches, and berms in combination to divert runoff into storage structures or
treatment systems (Davis et al., 2002). Holding ponds are commonly used to store feedlot

22
runoff before its treatment or direct land application (Parker et al., 1999). Holding ponds
are sized to be able to store the runoff generated during a given period with additional
safety volume in case of a severe storm (Gilbertson et al., 1981). These ponds should be
designed and constructed to prevent seepage and land application should avoid runoff
direct deposition into water bodies (Davis et al., 2002).
Another option for runoff treatment is a vegetative treatment system (VTS). In a
VTS, larger solids are first removed as sediment within a settling basin. Then the liquid is
directed to a vegetative treatment area where it infiltrates into the soil and nutrients are
retained for plant uptake (Koelsch et al., 2006).
Since dietary nutrients like N and P are important for animal production, and
excreted nutrients pose a risk to the environment, nutrient monitoring and management
play significant roles in the long-term sustainability of the livestock industry. Monitoring
the effect of livestock diets and manure management practices on manure nutrient mass
balances, and adopting manure collection, treatment, and land application practices that
conserve and immobilize nutrients are valuable tools for the sustainable utilization of
nutrients and protection of water quality by livestock operations.
1.4. Environmental impacts of nutrient losses from livestock operations
Responsible management of livestock manure is essential to minimize
environmental risks associated with manure-borne nutrient and contaminant discharges to
water. Nutrients reaching surface water bodies are a threat for water quality and aquatic
life. In particular, phosphorus and nitrogen are the major nutrients of environmental
concern, and they are also the main nutrients in livestock diets.

Phosphorus in water can provoke eutrophication, causing unbalances and
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degradations in ecosystems, along with problems for human and animal health (Sharpley,
1999). Similarly, high concentrations of nitrogen in water can produce eutrophication and
toxicity, both having negative impacts for ecosystems and humans (Boyd, 2020).
Nutrients in water stimulate microorganism growth. Those microorganisms consume
dissolved oxygen, degrading water quality to a point where other aquatic species
asphyxiate (Wiederholt and Johnson, 2005). Algae are one of the organisms that can
benefit from the addition of nutrients to water bodies, and some algae can be toxic for
humans and aquatic species, causing fish death, impairing water bodies, and impeding
human consumption (Carpenter et al., 1998). After their bloom growth, dead algae settle
and decompose. The decomposition process consumes oxygen and causes anoxic
conditions, degrading aquatic ecosystem (Grizzetti et al., 2011). Rivers, especially in
large and polluted watersheds, transport nutrients to oceans. The significant addition of
nutrients being transported by rivers to the sea has created dead zones: large ocean areas
near river deltas that have low oxygen levels that reduce biodiversity (Bruckner, 2019).
An example of this is the Gulf of Mexico dead zone, located south of Texas, Louisiana,
and Mississippi, that receives nutrients from the Mississippi River. In August of 2021,
this dead zone had a hypoxic zone of 16,300 km2, degrading ecosystems, forcing fish to
migrate, and killing the species that stay in it (NOAA, 2021). The area of the dead zone is
directly affected by the nutrient concentration in rivers, which is also affected by the
amount of nutrients in runoff from farms (Bailey et al., 2020).
Between 1960 and 1995, a net increase of 300 Tg of P accumulated in soils
worldwide (Alexander and Smith, 2006). Total phosphorus (TP) and total nitrogen (TN)
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in surface water stayed at similar concentrations or declined in most of the 250 monitored
points on rivers with drainage areas larger than 1,000 km2 in the U.S. between 1975 and
1994 (Alexander and Smith, 2006). The efforts to manage nutrients and protect water
quality during those years positively impacted the nutrient concentration in the
watersheds, but more efforts are needed. In 1994, more than half of the monitored
agricultural and urban watersheds in the U.S. were classified as eutrophic (Alexander and
Smith, 2006).
The U.S. Environmental Protection Agency (EPA) classifies the U.S. watersheds
into 14 nutrient ecoregions based on their climate, physiography, and vegetation cover.
Reference nutrient conditions for each ecoregion have been modeled to understand water
quality before human-induced alterations in each region (Smith et al., 2003). For all
ecoregions in the country, TN and TP values in water bodies exceed reference median
values (Doods et al., 2009).
Inorganic fertilizers and manure (an organic fertilizer) are the primary sources of
P and N applied to soils for crop fertility (Bennett et al., 2001; Ghaly and Ramakrishnan,
2015). While inorganic nutrients found in commercial fertilizers are much more mobile
in the environment than the organic nutrients in manure, there remains a focus on
identifying ways to capture and/or conserve nitrogen and phosphorus from livestock
manure.
1.5. Nutrient losses in livestock operations
The livestock sector is improving their nutrient management to protect water
quality and the environment. Understanding nutrient flows in open lots can induce better
understanding of the environmental impacts of different diets and management practices

(Bierman et al., 1999; Kissinger et al., 2006; Farran et al., 2006; Luebbe et al., 2012).
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Systems that accurately monitor nutrient flows in livestock operations are needed to
identify management practices that improve nutrient use and decrease potential losses
and their environmental and economic impacts.
Nutrient losses in livestock production systems can occur at any point in the
system, including housing, manure storage, treatment, and land application (Blanes-Vidal
et al., 2008; Amon et al., 2006; Gilley et al., 2014; Amon et al., 2001; Leytem et al.,
2011). Most of the excreted N is lost during storage, as volatilized gases NH3 and N2O,
followed in importance by losses after the land application of manure via volatilization
(mainly as NH3) (Oenema et al., 2007; Amon et al., 2006). Temperature, storage time,
manure composition, and microbial activity influence N losses during storage of manure
(Sommer et al., 2007). Nitrogen, mainly as ammonium nitrogen (NH4-N), and P can also
be lost to the environment in runoff events associated with open production areas or landapplied manure (Smith et al., 2001a; Smith et al., 2001b). Higher amounts of land applied
P are expected to be lost after intense rains since they would cause greater runoff events
(Al-wadaey et al., 2010).
Leaching of water through the soil profile can transport nutrients from manure to
groundwater. While most production areas and manure storages are designed and
constructed to limit seepage, nutrient leaching from manured soils is possible. Manure
characteristics, soil and crop characteristics, precipitation events, application rate, and
application method impact the potential risk of nutrients leaching from land-applied
fields (Oenema et al., 2007; Choudhary et al., 1996; Sandars et al., 2003). Nitrogen
leaching from manure-applied grassland is directly related to excess rainfall and higher
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application rates (Smith et al., 2002). Excessive application of slurry can increase nutrient
content in leaching and runoff, compromising water and environmental quality (Giola et
al., 2012).
Nitrogen can be lost as a gas in forms of NH3, NO3 and N2O, with NH3 being the
form responsible for most of those losses (Webb et al., 2010). Nitrous oxide is formed in
the nitrification and denitrification processes (Figure 1.1) that can take place in every
stage of manure management (Chadwick et al., 2011). Ammonia volatilization occurs
when ammonium (NH4), the main form of inorganic N in manure, turns into NH3 and is
released into the atmosphere (Figure 1.2) (Bouwman and Boumans, 2002). Sommer et al.
(1991) and McGinn et al. (2008) reported that ammonia volatilization is driven by
chemical reaction rates, diffusive and convective transport, and gas phase resistance of
the manure surface. In practice, higher ammonia volatilization rates are generated by
higher temperatures, higher initial manure pH, and greater wind speeds. Decreasing the
contact of manure with air during any of those steps can decrease the emission of NH3
and N2O (Webb et al., 2010; Chadwick et al., 2011). Manure composition, application
rate, weather conditions, application method, and soil conditions drive the volatilization
of NH3 from applied manure (Huijsmans, 2003; Webb et al., 2010).

Figure 1.1. Chemical representations of nitrification and denitrification cycles.

𝑁𝑁𝑁𝑁4+(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) ⟷ 𝑁𝑁𝑁𝑁4+(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) ⟷ 𝑁𝑁𝑁𝑁3 (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) ⟷ 𝑁𝑁𝑁𝑁3 (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) ⟷ 𝑁𝑁𝑁𝑁3 (𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑒𝑒𝑒𝑒𝑒𝑒)
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Figure 1.2. Chemical representation of the process leading to ammonia

volatilization.
Understanding the dynamic nature of nutrients in manure management systems is
a first step toward optimizing the use of nutrients, decreasing their losses to the
environment, increasing the value of manure as a soil amendment, and protecting water
quality and ecosystems.
1.6. Nutrient losses through feedlot runoff
In an open-lot production system, such as with a beef feedlot, runoff from the lot
surface can result from precipitation events and represents a route of nutrient loss from
the feedlot surface. This runoff should be collected and stored until conditions allow for
pumping and land-applying the liquid to a growing crop. Adequately sizing runoff
storage basins requires understanding the composition, characteristics, and hydrologic
dynamics of the feedyard pen surface.
The feedlot pen surface is generally characterized by three different layers: an
accumulated loose manure layer, a compacted mix of manure and soil, and the original
soil (Cole et al., 2009) with the loose manure layer being divided into dryer and wetter
layers (Andersen, 2016). For a feedlot surface comprised of clay-loam soil, Cole et al.
(2009) reported that the superficial layer of manure had a higher water content, electrical
conductivity, and C and N concentrations, while the deeper soil layer was characterized
by a higher pH. In a study of physical, chemical, and microbial characteristics of a
Nebraska feedlot, Woodbury et al. (2001) reported that the highest concentrations of
volatile solids, total carbon, and total nitrogen were found in the unconsolidated surface

material. Unsurprisingly, the same study reported higher densities in the 0.1- to 0.2-m
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layer compared to the 0.0- to 0.1-m layer and the unconsolidated surface material.
During feedlot construction, pen surfaces need to be properly compacted, sloped,
and graded to ensure correct drainage, avoid leaching, and resist degradation by both
cattle traffic and manure harvesting. Soil compaction can be done using a sheepsfoot
roller or wheeled tractors. Compaction of the pen surface involves compacting two or
three 4- to 6-inch-deep layers of soil (Henry et al., 2007). When cattle are in the lot,
maintaining a 2.5- to 5.00-cm layer of compacted manure is recommended for similar
purposes as the compacted initial pad (Miller and Berry, 2005).
The curve number (CN) is a methodology that has been widely used to estimate
runoff volumes in different research fields and parts of the world (Andersen, 2016). This
methodology was developed by the Soil Conservation Service in 1964 and uses soil
group, cover type, hydrological conditions, and treatment (land management) to calculate
a CN (USDA, 1986). Curve numbers have been successfully used to predict runoff in
feedlots in the Midwest (Trejo, 2020) and are the basis for the ‘Estimation of Direct
Runoff from Storm Rainfall’ methodology in the Hydrology National Engineering
Handbook (NRCS, 2004).
Different curve numbers have been reported for feedlots, suggesting that the
unique conditions of each feedlot can affect runoff volumes and dynamics (Andersen,
2016). A mode of 90 was reported for the curve number of bedded feedlot surfaces in a
three-year study conducted in southern Alberta, Canada (Miller et al., 2004). This same
study reported CN between 52 and 96, suggesting that the lower curve numbers were the
result of using bedding material (straw or woodchips) on the lot surface that provided

additional water storage capacity. Andersen (2016) suggested a CN of 91 to calculate
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runoff volumes for open feedlots, although variability in the CN is expected to occur as
conditions in each individual facility could vary. In research spanning 1971 to 2012,
Andersen (2016) found CN between 55 and 100 reported for varying feedlot production
systems among many locations.
Runoff rates have a direct relation to erosion rates. Higher runoff rates of flow
create a greater rate of erosion from the feedlot surface. The size of eroded sediments
increases as runoff rates increase and can move heavier surface particles (Gilley et al.,
2011). Likewise, the diameter of unconsolidated manure and soil particles on the feedlot
pen surface can impact the nutrient content of runoff (Gilley et al., 2014). Dissolved P,
particulate P, total P and NH4-N were found in higher concentrations in runoff from
feedlots with surface particles with a diameter smaller than 4.76 mm, compared to runoff
from feedlots with bigger particle diameters. Contrarily, runoff generated in feedlot
surfaces with bigger particles transported higher amounts of solids compared to surfaces
with smaller particles. Flow rate of runoff also impacts runoff nutrient concentrations.
Although higher runoff rates present lower concentrations of P and N, due to nutrients
mixing with greater amounts of runoff water, higher total annual loads of nutrients are
expected after larger runoff events (Gilley et al., 2014).
The addition of carbon (bedding material) to a feedlot surface also affects the
physical and chemical characteristics of the pen surface, impacting runoff’s volume, rate
of flow, and composition. Bedded areas of a pen contained more moisture, were deeper
and rougher compared to soil pen floors (Olson et al., 2006). Surprisingly, in a study
comparing runoff nutrient concentrations between pen regions with traditional soil floors

and regions with added straw or wood chips as bedding material, runoff from bedded
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regions contained larger concentrations of TKN, Na, K, SO4, and Cl compared to that
from bare pen floors (Miller et al., 2006). The study concluded that bedding was a
reservoir for nutrients and that facilitated their losses in runoff.
1.7. Best management practices (BMP) to optimize manure fertilizer value
Ammonia and organic N from livestock manure are the two largest sources of
recycled N (reactive N reused to grow food) in the U.S. (Sobota et al., 2014). This is
largely because livestock operations are adopting BMPs to decrease nutrient losses from
manure and increase its value as an amendment for agricultural soils while protecting
soil, air, and water quality. BMPs can be adopted at any stage of manure management:
source, storage, treatment, and land application.
Most of the excreted N in livestock manure is lost during storage, followed in
importance by losses after land application of manure (Oenema et al., 2007). Best
management practices during storage aim to decrease emissions of N to the atmosphere.
Pre-storage treatments change the composition of manure slurry, impacting N losses in
the forms of NH3 and N2O. Anaerobic digestion, solid-liquid separation, and aeration of
slurries can lead to increased NH3 emissions during storage and after land application
(Nyord et al., 2012; Amon et al., 2006). By contrast, removing only fibrous bedding
material from manure during solid-liquid separation does not decrease NH3 emissions
compared to raw manure (Grant and Boehm, 2020). Solids in stored raw manure may
create a surface crust that can decrease the effects of wind and temperature on NH3
emission (Baldé et al., 2018).
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Covering stored manure decreases the impact of wind at the manure-air interface,
leading to reductions in NH3 emissions. A 10-cm thick chopped straw cover blown onto
the surface of a manure storage can decrease NH3 losses during manure storage; however,
NH3 losses may then increase after surface application of manure to land because of the
higher DM content caused by addition of straw (Amon et al., 2006). Baldé et al. (2018)
observed that the formation of a crust on the top of liquid manure storages also decreased
N emissions, but higher NH3 emissions may occur during storage of effluents from solidliquid separation and anaerobic digestion because no crust formation is possible. Because
ammonium nitrogen exists primarily in the liquid fraction of manure, removing or
preventing urine from remaining in contact with manure solids or bedding can decrease
the TAN pool and resulting NH3 losses to the atmosphere (Petersen et al., 1998).
Composting reduces the volume of solid manures, concentrates nutrients, and
facilitates transportation of manure greater distances. Losses of N, mainly by
volatilization, and P, by runoff or leaching, have been reported during stock piling and
composting, with higher losses in the composting process (Larney et al., 2006a). During
composting, a portion of the inorganic N is converted to organic N and another portion is
volatilized, resulting in a higher organic N to inorganic N ratio in composted manure than
raw manure (Larney et al., 2006a).
Primary methods for applying manure to soil include broadcast application, with
or without incorporation, and sub-surface application. With broadcast application without
incorporation, manure is applied onto and remains on the surface of the soil.
Incorporation quickly moves manure into the soil following surface application. Sub-
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surface application, often referred to as injection, places manure beneath the soil surface
during application.
Land applied manure nutrients such as NO3-N, P, and K can leach and
compromise water quality. Soil and crop types, precipitation volumes, application rate
and application type drive the leaching of nutrients from land applied fields (Choudhary
et al., 1996; Sandars et al., 2003). Using injectors or other implements for placing the
liquid beneath the soil surface decreases nutrient losses by limiting exposure of manure to
air, which promotes N volatilization in form of ammonia (Nyord et al., 2012). Subsurface application of manure also reduces runoff losses of nutrients by limiting the
interaction between manure and surface perturbations like wind and precipitation, but
nitrate leaching potential can increase (Sandars et al., 2003). When manure is applied to
the soil surface, incorporation of manure into soil within 24 hours can reduce the overall
risk for negative environmental impacts due to N volatilization and transport of nutrients
to surface water via runoff and erosion (Sandars et al., 2003). Incorporation or injection
of slurry to reduce N losses to the atmosphere is especially important when applying
anaerobically digested slurry since that process increases the pH in the final digestate,
which facilitates NH3 emissions (Hjorth et al., 2009; Nyord et al., 2012). After anaerobic
digestion, slurries present a lower C/N ratio, and a shift from organic N to NH4+-N that
generates a lower organic N to inorganic N ratio (Möller and Müller, 2012; Cavalli et al.,
2016).
1.8. Feedlot runoff control
Feedlot runoff can be an important source of nutrient loads and oxygen
demanding substances that can negatively impact water quality and aquatic life. In areas

where feedlot production is highly concentrated and weather produces frequent runoff
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events, management of runoff to limit surface water quality risks can be quite challenging
(Mulla et al., 1999). Runoff control systems should be utilized in these settings to prevent
nutrient discharges from the production area. Sizing and management characteristics of
such control systems should be based on modeled runoff frequency and volume using
historical precipitation data (Andersen, 2016).
Monitoring volume and characteristics of runoff from open lot production systems
can be challenging. To begin with, runoff composition is highly variable. Within-pen
location, surface material, use of bedding, presence of cattle, meteorological conditions,
and precipitation are some of the factors that influence the chemical and biological
composition of feedlot runoff (Miller et al., 2006; Mankin et al, 2006; Homolka et al.,
2021). Runoff can move between different pens, potentially making it impossible to
monitor runoff at pen scale. Structures between pens, to redirect runoff, could be used to
account for the pen-scale management effects on runoff (Bartelt-Hunt et al., 2012).
Complex modification of the feedlot physical conditions might be needed when
constructing retention structures to hold runoff for monitoring (Farran et al., 2006).
Runoff monitoring can be labor intensive, especially when protocols include manual
sampling (Bartelt-Hunt et al., 2012). When monitoring hormones and biological
parameters, runoff samples may need to be stored at low temperatures (Bartelt-Hunt et
al., 2012).
Commercial beef feedlot operations simply need to provide adequate storage and
management to contain the volumes of runoff dictated by engineering designs;
monitoring deviations in runoff rate and characteristics over time has little value in this

setting. However, this type of data is very valuable to researchers working to identify
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impacts of feedlot designs and management practices on runoff volume, frequency, and
characteristics. Depending on the research objectives and available resources, published
studies have utilized both manual and automated methods to quantify runoff volume and
collect samples that can be used to determine nutrient and sediment transport associated
with feedlot runoff (Table 1.1).
1.9. Manure treatment technologies
Management of manure to mitigate gaseous and odorous emissions, and transport
of nutrients, pathogens, and other contaminants, can be enhanced with implementation of
manure treatment technologies. Decreasing negative environmental impacts of manure is
one of the main goals of treatment systems (Peterson et al., 2007). As livestock
production intensifies, environmental challenges can be encountered due to geographic
concentration of potential pollutants. Being able to recover or retain nutrients that are in
livestock manure can impact the fertilizer value of the manure product and distance
nutrients can be transported economically. The evaluation and implementation of
technologies for managing manure continue to be critical to the sustainability of the
livestock industry (Delgado et al., 1999). Identifying technologies that may be suitable on
a particular operation is largely dependent on treatment goals (e.g. odor reduction,
nutrient exportation) and composition of manure (e.g. solid, semi-solid, liquid). This
section provides a brief introduction to treatment technologies for liquid manure, solid
manure, and collected runoff.

1.9.1. Runoff treatment
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Vegetative Treatment Systems
Vegetative treatment systems (VTS) are designed to provide year-round access to
a vegetated area of land capable of utilizing nutrients in feedlot runoff. A properly
designed and managed VTS prevents water impairment caused by nutrients and
pathogens in feedlot runoff (Durso et al., 2017; Bicudo and Goyal (2003); Berry et al.,
2007) by providing a vegetated land area capable of assimilating the volume of water and
nutrients in feedlot runoff. Runoff collected from a feedlot surface is irrigated or flows by
gravity onto the VTS where sediment settles and nutrients are utilized by the growing
vegetation. Any runoff from the vegetated treatment area is collected to prevent
discharges of contaminants to water bodies (Rahman et al., 2012). Before entering the
area, runoff could be stored for a short period of time in a settling basin to retain sediment
and control the application rate to vegetation (Andersen et al., 2013). Sedimentation and
infiltration of runoff are the two main mechanisms responsible for the capture of
pollutants in VTS (Koelsch et al., 2006). Nutrients can be stored in the soil of the VTS or
extracted by harvesting biomass (Trooien et al., 2013). Woodbury et al. (2003) reported
that a hay crop in a filter strip system efficiently utilized all nitrogen applied to the area in
collected runoff water. The vegetative filter strip to drainage area ratio has a strong
correlation with the reduction of nutrients and solids by a VTS system (Mankin et al.,
2006).
Problems establishing grass due to undesired competition from weeds, uneven
distribution of solids deposition in the strips, and damage caused by equipment used to
empty captured solids in the systems were reported by Woodbury et al., (2002) when

evaluating a VTS system. New technologies, such as horizontal-flow biofilters with
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macrophyte-assisted vermifilters, are gaining popularity as the state-of-the-art VTS to
manage nutrients in feedlot runoff (Singh et al., 2021).
Settling basins
Settling basins or catch basins are temporary runoff storage and treatment
structures for wastewaters (Sura et al., 2015). Settling structures rely on gravity to
promote settling of solids that are otherwise suspended in liquid. Flow velocity of the
waste stream may be varied by widening the settling basin, permitting solids to settle
while liquids continue to flow. Settling basins can be earthen or concrete and are
designed to provide sufficient time and capacity for solid particles in manure to settle
while liquid continues to flow through the system. The dimensions and settling times are
linked to the physical and chemical characteristics of the runoff entering the system.
Understanding the composition of the influent and precipitation behaviors in the
catchment area allow adapting the basin size and discharge rates to specific conditions,
improving nutrient and solids retention (Pepple et al., 2011; Moody et al., 2007).
Settling time varies from minutes to days, depending on the size of the structure,
the flow rate of manure, characteristics of the manure, and the treatment system (Chastain
P., 2019). Sedimentation basins, settling basins, weeping walls and lagoons are
commonly used to temporarily store and separate some sediment from a liquid waste
stream such as runoff or liquid manures. The positive effect of settling treatments have
been reported for swine and cow manures (Chastain et al., 2001; Converse and
Karthikeyan, 2004) and it is a common technology used in both industries.
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Following a designated retention time – the period over which solids are allowed
to settle out of liquid – the exits the structure and the remaining sediment is commonly
left in place to partially dry. In the case of settling basins and weeping walls, the solids
can then be transferred to a storage building (Chastain, 2019). In sedimentation lagoons,
the liquid layer can be stored for several months before being transferred to other
structures or being applied to land.
After the settling process, runoff can be applied to crop land or moved to another
treatment system (Gilley et al., 2014). High nutrient and pathogen concentrations can still
be present in the basin water, so the post settling handling of the effluent must follow
environmental protection procedures (Miller et al., 2004). Construction costs and
environmental risks related to nutrient leaching and overflows are the main challenges
associated with settling basin treatment systems (Trooien et al., 2013).
1.9.2. Liquid and slurry manure treatment
Solid-liquid separation
Solid-liquid separation technologies are intended to partition manure slurry or
liquid manure into two streams: liquid and solids. Removal of solids decreases the
concentrations of organic matter, phosphorus, other nutrients and heavy metals in the
liquid effluent. Separated solids are more cost effective to transport over greater distances
by truck. Meanwhile, the liquid fraction can be made suitable for irrigation with some
solids removed and poses less potential pollution risk due to significant reductions in
nutrient concentrations (Burton, 2007). Disadvantages of solid-liquid separation systems
include the capital investment and operational costs, along with labor required to manage
the systems (Ford and Fleming, 2002). Also, the separation process can produce similar
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emissions of greenhouse gasses as untreated slurries (Thomsen et al., 2010), and in some
cases the treatment can increase the emissions during storage (Fangueiro et al., 2008).
Several physical principles are employed to facilitate separation of solids and
liquids in livestock manure. Hjorth et al. (2010) classified the different separation
methods according to the principles used during separation: sedimentation (settling
basins), centrifugation (decanting centrifuge), drainage (inclined and vibrating screens)
and pressurized filtration (screw presses and belt presses).
Decanting centrifuges use centrifugal force to separate solids from liquids in
manure in a vertical or horizontal rotating cylinder with a conical end. Inside the cylinder,
an auger rotates faster and in the opposite direction of the external cylinder (Hamilton et
al., 2016). The process forms a layer with a higher concentration of DM and a liquid
layer containing colloids, salts, and organic components (Hjorth et al., 2010). The solid
layer is driven out of the cylinder by the auger at the conical end, while the liquids are
discharged at the wider end of the centrifuge.
Inclined and vibrating screens use gravity to separate solids from liquid (Hamilton
et al., 2016). Liquid manure is discharged onto the screen where larger solids are retained
while the liquid passes through the screen. Separated solids either roll down an inclined
screen via gravity (Mukhtar et al., 1999) or to the outside of a vibrating screen by
centrifugal force, where they are collected. Due to the stationary nature of this separation
method and employment of a single screen, these separators typically remove only
fibrous and settleable solids, while suspended solids largely remain in the liquid fraction
(Mukhtar et al., 1999).
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Screw presses use pressurized filtration to promote the formation of a solid layer
from a liquid manure influent. The rotation of a screw-shaped conveyor inside of a
cylindrical screen creates the pressure differences needed for the solid-liquid separation
and that pressure expulses the solid portion, with an expected higher DM content, outside
of the system (Forbes et al., 2005; Hjorth et al., 2010).
Belt presses use filter belts, rollers, and screens to squeeze liquid out of manure
through the holes of screens and create a layer of high-DM-content material inside the
screen (Mukhtar et al., 1999). The liquid drains by gravity and the remaining ‘filter cake’
is scraped off the screen and collected on a storage pad (Hjorth et al., 2010).
In a rotary screen system, a cylinder-shaped screen receives slurry in its center
while mechanically rotating. The rotation permits greater separation efficiencies and
compacted sizes compared to a stationary mechanism (Hamilton et al., 2016). The liquid
layer passes through the screen and then is collected in a tank while the solid layer is
scraped out of the center of the cylinder (Mukhtar, 1999).
In all of these separation scenarios, it is typical to separate only larger particles
from the manure stream while allowing smaller, suspended solids to remain in the liquid
fraction. Often, multiple separation stages are required to facilitate removal of suspended
solids from a liquid stream.
Chemicals
When removal of suspended solids in a waste stream is a primary goal, chemical
methods, such as coagulants and flocculants, may be employed (Teh et al., 2016).
Aggregation of colloidal particles is aided by the addition of multivalent cations or
polyelectrolyte polymers to wastewater, which induces contact and adhesion of dispersed

particles to form larger-sized clusters of sediment that can be removed from liquid via
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gravity settling or mechanical separation. When treating slurries, coagulation chemicals
are induced first, followed by a slow stirring process, and then flocculation inducive
substances are slowly added in several small doses (Hjorth et al., 2010). The use of
polymers as a pretreatment of slurries can improve the P recovery, turbidity, and solid
separation performance of solid-liquid separation technologies such as gravity drainage,
pressure filtration and centrifugation (Hjorth et al., 2008).
The effect of coagulants and flocculants on removal of pharmaceuticals,
hormones and pesticides from organic wastes have been tested and documented by
several studies (Hjorth et al., 2010; Alexander et al., 2012). The removal percentage is
influenced by coagulant type and dosage, the pH, alkalinity, temperature of the liquid
media, and the physicochemical characteristics of the targeted contaminants (Alexander
et al., 2012).
Reductions in total solids, volatile solids, total chemical oxygen demand (TCOD),
TKN, and total phosphorus (TP) have been reported with treatment of swine slurry prior
to employment of separation methods (Riaño and García-González, 2014; Hjorth et al.,
2010).
Membrane systems
Membranes can be used as part of liquid manure treatment systems. Membrane
filtration and reverse osmosis separate molecules of different sizes from wastewaters. The
main advantages of a membrane treatment system are reduced storage volumes and the
possibility of allowing the reuse of highly purified water or its discharge into water
bodies (Adam et al., 2018). Recovered nutrients in the concentrate could be used as

fertilizers but evaluating the effect of concentrates on plant growth and soil quality is
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recommended before deciding to apply them to crops (Vaneeckhaute et al., 2012).
Elevated operational cost, membrane plugging and scaling, and high energy consumption
have been documented as the main limitations for membrane adoption on wastewater
treatment (Adam et al., 2018; Vaneeckhaute et al., 2017; Camilleri-Rumbau et al., 2021).
Temperature and flow conditions in the membrane have showed an impact in decreasing
energy consumption, but more research in full scale systems is needed (Gienau et al.,
2018).
Membranes can be made of polysulphone, polyethersulphone, polyvinylidene
fluoride, polypropylene, polytetrafluoroethylene, cellulose acetate, cellulose triacetate,
polyamide thin film composite, aluminum oxide and titanium oxide (Camilleri-Rumbau
et al., 2021). The process allows the obtention of a homogenous filtrate due to the
utilization of standard barriers. Peters (2010) classified membrane processes in the
following categories: microfiltration uses pores of 0.1–1.0 µm and pressures up to 500
kPa, while pore sizes in ultrafiltration systems around 0.05 µm with pressures up to 1000
kPa; nanofiltration uses solution diffusion of monovalent ions in membranes and
pressures up to 1000 kPa, and reverse osmosis also uses a solution diffusion process,
allowing the separation of salts and ions with molecular weights of less than 200 g/mol at
pressures up to 7000 kPa.
Lagoon systems
Anaerobic treatment lagoons are used to store and treat animal manures,
generating a layer of settled solids (sludge) on the bottom of the lagoon with a liquid
layer several feet deep that is very low in solids and nutrients concentrations. Swine,

dairy cattle, and layer hen operations utilize anaerobic lagoons most commonly in the
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U.S. (Owusu-Twum and Sharara, 2020). Anaerobic lagoons can reduce organic matter
and nutrient content of slurries while also decreasing bacterial and viral loads in the
effluents (Bicudo and Goyal, 2003). Lagoons are usually stratified in a minimum
treatment volume; a manure, wastewater, and clean water volume; sludge volume; and a
safety volume. For proper management, lagoon levels should stay between the minimum
treatment volume and the maximum safe operating level with a pH around 6.5 (USDA,
2009).
Uncovered lagoons allow the emission of NH3 and other greenhouse gases to the
atmosphere. Covered anaerobic lagoons can decrease the environmental impact of
manure treatment by decreasing greenhouse gas emissions and emitting 50% less
ammonia compared to uncovered lagoons (Nicholson et al., 2002; Viguria et al., 2015).
Digested effluent from covered or uncovered lagoons can still present an environmental
risk, so treatment and nutrient removal is suggested before its land application (Szogi et
al., 2015).
Aeration
Aeration is utilized in some treatment lagoons to supply oxygen to the stored
liquid and create an aerobic environment in which aerobic bacteria can degrade organic
matter into stable oxidized products. This process decreases the emission of odorous
gases such as ammonia, hydrogen sulfide, and volatile organic compounds (Westerman
and Zhang, 1997). Aeration can be generated naturally or mechanically, with mechanical
aeration being the most economically viable option for treating animal manure. Shallow
lagoons with a large surface area are required to naturally aerate lagoons, which may not

be feasible for treating animal manures (Westerman and Zhang, 1997). Typical aerobic
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lagoons are divided into volumes for sludge accumulation; manure, wastewater, and
clean water; precipitation less evaporation; safety and freeboard (USDA, 2009).
Mechanical aeration generally utilizes floating aerators or submerged diffusers
connected to a pipeline that provides the needed air supply decreasing the lagoon surface
dimensions needed to create an aerobic environment (Heber et al., 2002). As barriers for
their implementation, energy and management are required to operate mechanical
aerators (USDA, 2009). Reductions on the bacterial and viral load of the treated slurry
after aeration have been documented and are driven by treatment time and temperature in
the lagoons (Bicudo and Goyal, 2003).
Anaerobic digestion
Anaerobic digestion (AD) utilizes organic matter and microorganisms to create
biogases in an oxygen-free environment. Through this process, the value of organic
wastes can be increased while the potential of these wastes to negatively impact the
environment is reduced (Vaneeckhaute et al., 2017). Biogases are primarily composed of
methane and carbon dioxide that can be combusted to generate electrical energy and heat
(Mata-Alvarez et al., 2014). The composition of the digestate produced after the
anaerobic process varies depending on the composition of the original slurry and the
digestion time. Increases in pH and effective organic carbon can be expected in the
digestate, while no decreases in nutrient concentrations are anticipated (Vaneeckhaute et
al., 2017). Odor mitigation, reduction of greenhouse gas emissions, and energy
production are the main benefits of an AD system (Atandi and Rahman, 2012). During
the digestion process, increased temperature and changes in pH support pathogen
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inactivation. Mesophilic and thermophilic bacteria can be inactivated when the digestor
temperature increases, but some pathogens are able to survive the digestion process (Nag
et al., 2019).
Atandi and Rahman, (2012) listed potential disadvantages of anaerobic digesters,
including high initial investment cost, increased farm operational costs, and the need for a
steady source of organic matter-rich substrate. Inputs to a digester that are low in organic
matter, fats and lipids will lead to low energy production, decreasing the potential return
on investment of AD technologies.
Electrochemical precipitation
Electrochemical precipitation can recover N and P from manures to produce
almost-complete fertilizers, requiring minimal chemical additions (Perera et al., 2019).
Electrochemical processes have been able to achieve, in pilot-scale tests, a phosphate and
ammonia nitrogen recovery or removal higher than 90% when treating swine wastewater
(Huang et al., 2016) and 80% phosphate removal from toilet wastewater (Cid et al.,
2018). Electrochemical precipitation has also been successfully tested for hydrogen
sulfide removal from swine manure (Wang et al., 2019).
1.9.3. Solid manure treatment
Composting
Composting utilizes bacteria to degrade organic matter in an aerobic environment
(USDA, 2009), meanwhile generating heat that kills pathogens and weed seeds in the
compost material. For an appropriate composting process, the initial carbon/nitrogen
ratio, moisture content, and material porosity need to be controlled. Each of those
parameters should be adapted to the conditions of the product to be processed, the
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available composting time, the desired characteristics of the final compost and the cost of
the process (Azim et al., 2018). Windrows, static piles, and in-vessel systems are
common methods for composting (USDA, 2009).
Several studies have found that composting swine and chicken manure decreases
their concentration of organic P while moderately increasing available and non-available
P (He et al., 2016). Final composted manures are more stable than raw manure, with
higher extractable P, boron, and electroconductivity, but with lower concentrations of
total C and N (Irshad et al., 2013).
Composting has several benefits for livestock operations. Composting is one of
the manure treatment processes with the highest rates of antibiotic destruction
(Spielmeyer, 2018). During composting, pathogens, parasites, and weed seed are
typically eliminated and a final product with reduced mass, volume, and moisture
content, along with minimal odor, is produced (Larney et al., 2006b).
Composting generates greenhouse gases like N2O that may be emitted to the
atmosphere (Maeda et al., 2010). Also, during composting, C and N are lost into the
atmosphere (Larney et al., 2006b). Space, equipment, management time, and capital are
needed to implement a composting operation (USDA, 2009).
Gasification
Gasification is a thermochemical conversion process that converts organic
biomass into fuels. It requires high temperatures (600 to 1000 degrees Celsius) and no air
to generate a gas composed mainly of carbon monoxide, hydrogen, methane, and
hydrocarbons (USDA, 2009). The gases obtained after gasification can be used to
produce energy and to power engines (Font-Palma, 2012). Due to its high moisture

content, manure may need to go through a drying and carbonization process, to create a
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biochar before gasification. Volatile matter, nutrient composition, and thermal properties
of the biochar, along with the gasification temperature, are the main factors influencing
the final yield and composition of syngas from gasification (Xin et al., 2017). Manure can
be combined with other organic wastes during gasification (Yong and Matsumura, 2012).
As a by-product, ash generated during gasification has the potential of being used
as a plant fertilizer. Kuligowski et al. (2012) reported that ash from gasifying pig manure
had a positive impact on plant growth without negatively affecting soils. Poultry manure
ash generated after gasification could also be used as a fertilizer (Font-Palma, 2012).
Most of the toxic heavy metals in manure are stabilized after thermal treatment, but they
may become bioavailable and eco-toxic in the future (Li et al., 2020).
Direct drying
Direct drying is the process of reducing the water content of manure by
evaporation induced by adding heat and air. The sun can be used as a natural source of
heat, or an energy-driven source like electricity can be used (USDA, 2009). Manure layer
depth and temperature impact drying rates. Changes in manure pH, protein content, and
pathogen content (Ghaly and MacDonald, 2012; Oni et al., 2015), along with increases in
nutrient and salt concentrations are expected after drying (USDA, 2009).
The advantages of drying manure are destruction of pathogens, reduction of
odors, creation of value-added products (Ghaly and MacDonald, 2012), reduction of
transport cost, and decreases in storage volumes (Stoll et al., 2010). The dried manure
contains plant-important nutrients such as N, P, K, Ca, Mg, and S, and can be used as a
fertilizer (Ghaly and Alhattab, 2013). New methods, such as superheated steam drying
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are being developed to improve the drying process of animal manures (Hanifzadeh et al.,
2017; Stoll et al., 2010).
1.10.Manure management research needs
1.10.1.Understanding manure treatment technology adoption
Improvement and development of manure treatment technologies continues,
providing multiple diverse tools for producers to manage their manure. That begs the
question of whether farmers are adopting manure treatment technologies to solve the
needs of their farms. Understanding drivers and barriers for technology adoption provide
valuable information towards the environmental and economical sustainability of
livestock operations.
Adoption of new technologies in agriculture has promoted economic and
productivity growth. Different studies have revised factors influencing the adoption of
production technologies by different agricultural sectors. Behaviors and beliefs of
farmers impact adoption rates, so the opinion towards the value of technologies will
influence technology embracing (Edwards et al., 2015; Barnes et al., 2019). Studies in
different continents report that farm size and production value impact technology
adoption as those impact farm income (Barnes et al., 2019; Groher et al., 2020; Gargiulo
et al., 2018; Khanal et al., 2010; Drewrya et al., 2019).
The operational characteristics of technologies also influences their adoption.
Batz et al. (1999) studied the effect of technology characteristics on the rate of adoption
among dairy producers in Kenya. In the short-of-labor context of that African country,
farmers with low education identified the relative complexity and risk of technologies as
the main factors influencing adoption speed.
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Few studies have addressed the adoption of manure management technologies. In
China, Pan et al. (2021) reported that larger farms are more likely to adopt capital- and
knowledge-intensive manure management technologies. On the other hand, the study
found that small farms were more likely to adopt land-intensive and labor-intensive
technologies. Like other agricultural technologies, capital was the main constraint to
adopting new manure management systems for medium-scale farms, while available land
area was the major constraint for large-scale farms. In the U.S., animal operations have
showed a positive shift towards the adoption of manure management practices due to the
external implementation of regulations. Savage and Ribaudo (2013) reported that
communicating the impacts of animal manure on water quality and future regulations
caused the adoption of pro-water quality measures by livestock producers in the
Chesapeake Bay area. In Iowa and Missouri, the adoption of injecting manure, capitalintensive technology, was more likely between farmers with off-farm jobs since that
condition increased their incomes (Gedikoglu et al., 2011). Although not directly related
to technology adoption but to manure management, Núñez and McCann (2008) found
that age, farm income, and commitment to environmental stewardship were determinants
of the adoption of manure application by crop farmers in Iowa and Missouri.
The level of implementation and the type of technologies being adopted differ
between regions and farms, generating diverse impacts (Chavas 2020). Greater
understanding of the diversity in technology needs, adoption drivers, and current
technology use among farmers is needed. Farm production size, producer demographics,
in-farm manure management infrastructure, farm manure management needs, and desired
outcomes are some of the factors that need to be studied to enhance adoption of manure
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treatment technology in the future. No published studies have reviewed those factors and
drivers in recent years.
Companies and institutions developing manure treatment technologies, educators
and researchers creating manure management tools and programs, and regulators seeking
to protect water and air quality will benefit from understanding current and future manure
treatment adoption drivers and barriers. Producers will benefit from having access to
tools that consider their needs and barriers when identifying and adopting potential
manure management technologies. In the long term, all those points would lead to
improving the sustainability of manure management and water protection in livestock
operations.
1.10.2.Improve capacity for pen-level test of feedlot management strategies impacts on
runoff nutrient losses
Diets, bedding materials, surface cleaning, stocking density, and other
management activities impact nutrient mass flows in feedyards. Several approaches have
been used to monitor runoff volumes, rates of flow, and composition. An engineering
assessment is necessary to recommend a design for measuring and sampling pen-scale
runoff from feedlot facilities. Sampling options include sampling during and following
natural rainfall events or measuring runoff nutrient losses by rainfall simulation. Systems
to measure naturally occurring runoff include a flow-triggered collection system and
datalogger with water samples taken using an automatic sampler (Sura et al., 2015; Miller
et al, 2004). A similar approach would be to construct a manual sampling system (Sura et
al., 2015). Runoff could also be collected in a basin or other storage vessel and sampled
manually (Gilley et al., 2014; Gilley et al., 2011).

1.11.Overall objectives
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The overall objectives of the research presented in this thesis were to:
•

Design prototype systems for pen-level collection and characterization of
feedlot runoff adapted to the conditions of ENREC feedlot pens.

•

Assess needs for and desired outcomes of manure treatments, current
levels of technology adoption and satisfaction of swine and dairy
producers in Nebraska.
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1.13.Appendix

Table 1.1. Summary of materials and methods utilized in published feedlot runoff monitoring
studies.
Study
Miller et al.
(2004)
Miller et al.
(2006)
Gilley et al.
(2014)
Gilley et al.
(2011)
Andersen et al.
(2013)
Sura et al.
(2015)
Woodbury et al.
(2003)
Woodbury et al.
(2002)
Bartelt-Hunt et
al. (2012)
Mansell et al.
(2011)
Moody et al.
(2006)
Mankin et al.
(2006)
Rahman et al.
(2012)

Volume
measurement

Water sampling

Runoff driver

Location

Flume

ISCO ®
Autosampler

Rainfall

Canada

Not described

Manually

Flume

Manually

Rainfall
simulator
Hose and plastic
tube
Rainfall
simulator

Nebraska

Rainfall

Iowa

Canada

Manually, using
plastic drums.
Turbine flow
meter

ISCO
autosamplers

Flume

Manually

Rainfall
simulator

Canada

Parshall flumes

Sampler

Rainfall

Nebraska

Parshall flume

ISCO portable
sampler with
flow meter

Rainfall

Nebraska

Tipping bucket

Manually

Rainfall

Nebraska

Not measured

Manually

H flume
Modeled based
on precipitation
Not measured

Manually

ISCO Auto
Sampler
ISCO Auto
Sampler
ISCO Auto
Sampler

Rainfall
simulator
Rainfall
simulator

Nebraska

California
Iowa

Rainfall

Kansas

Rainfall

North Dakota
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2. CHAPTER 2: DESIGN OF RUNOFF MONITORING SYSTEMS TO ASSESS
NUTRIENT BALANCES IN FEEDLOT CATTLE PENS
Juan Carlos Ramos Tanchez, Amy Millmier Schmidt, and Richard Stowell
2.1. Abstract
After carbon, nitrogen (N) is the nutrient required in the largest amount by cattle.
Between 80 and 90% of the fed N is excreted, representing an environmental and
economic challenge for feedlot operations. Accounting for the impacts of different cattle
management practices on runoff composition allows making decisions that advance
efficient use of nutrients. The University of Nebraska’s Eastern Research, Extension and
Education Center (ENREEC) conducts state-of-the-art research, including studies aimed
at improving feedlot production. Two options for monitoring feedlot pen runoff were
designed for pens in a research feedlot at ENREEC to accommodate research on nutrient
dynamics in feedlot cattle production. Site dimensions and pen surface conditions, along
with historical precipitation data were considered to size structures and equipment for
each system. The first design utilizes an edge-of-field runoff monitoring system that
utilizes flumes, automatic sensors, and automatic samplers to monitor runoff flow and
composition, with an estimated cost of $13,100 per pen. The second option involves a
runoff collection concrete tank with five different tank sizes, with larger tanks being able
to hold runoff from a greater share of runoff events. To automate the tank systems, an
Arduino-controlled automatic valve connected to an Internet of Things platform via WiFi was designed and a prototype was tested. The estimated cost of the automatic tanks
systems is between $3,300 and $2,200, depending on tank size.
Keywords: feedlot runoff, nutrient monitoring, concrete tank, flume, auto-sampler,
automation, Arduino.

2.2. Introduction
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2.2.1. Nutrients in feedlot operations
Nitrogen (N) and phosphorus (P) are essential nutrients for cattle that can also
have environmental impacts. Nitrogen is used by cattle to synthetize peptides, amino
acids, and proteins, playing a key role in the formation of tissues, the production of
energy and colostrum, among other important physiological functions (Filley, 2011; Petty
and Cecava, 1995). Phosphorus is mainly found in cattle bones, being essential for their
structure and strength, along with functions in cell walls, buffering system and transfer,
among other purposes (Geisert et al., 2008).
Increasing the N intake by cattle can lead to an increase in N retention, and
thereby of meat production, but also will increase the amount of N excreted and
potentialy lost from the pen surface (Farran et al., 2006). Crude dietary protein and P
have a positive effect on cattle performance; however, the marginal returns are
diminishing and there will be a point at which additional protein and P in feed is no
longer warranted due to smaller and smaller production responses by the animals to those
benefits (Gleghorn et al., 2004; Call et al., 1978). On the other hand, decreasing the N
and P intake can decrease N and P excretion and subsequent losses to the environment,
thus reducing environmental risks associated with nutrient management. Reductions in N
and P needs to be done without lowering animal performance since this will extend the
number of days on feed, which represents a significant cost for the producers and could
increase ammonia emissions (Vasconcelos et al., 2009). Feeding management should
target matching nutrients and crude protein requirements to the specific animal needs in

each of their growing stages, avoiding underfeeding or overfeeding (Vasconcelos et al.,
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2007).
Along with diet and animal management, feedlot nutrient balance is affected by
manure handling after excretion. Greater carbon (C) and N losses after composting
compared to stockpiled and fresh manures were reported by Larney et al. (2006).
Similarly, the decision to use manure solids for pen surface maintenance or instead use
them as fertilizers also impacts the mass of nutrients being harvested or lost to the
environment (Kissinger et al., 2007).
2.2.2. Feedlot runoff environmental importance
Discharges of nutrients to water bodies can cause ecosystem degradation and
water quality impairment. A negative transition, from macrophyte to phytoplankton- or
algal-based systems, has been documented due to an excessive concentration of total N
and total P in water bodies (Sigua and Tweedale, 2003). As feedlot runoff can contain a
significant load of N and P, it has the potential to cause eutrophication in water bodies
(Filip and Middlebrooks, 1976).
Direct discharge of runoff to streams negatively impacts water quality parameters.
Concentration of fecal coliforms and nutrients (N, P and K) in water bodies can exceed
the maximum values established in state and federal water quality regulations caused by
direct runoff discharges (Hollon et al., 1982; Rahman et al., 2013). Negative impacts on
diversity coefficients of aquatic macroinvertebrates (Jonker et al., 2009) and death of fish
(Duffer et al., 1971) were documented after discharges of feedlot effluent to water bodies.

2.2.3. Nitrogen in runoff
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Nutrients, solids, organic matter, and pathogens are potential contaminants to
water that can be contained in cattle runoff (Andersen et al., 2013). Nitrogen, along with
other nutrients in runoff, can exceed the concentrations established in water quality
guidelines (Miller et al., 2004). Cattle feedlot runoff analysis from United States (U.S.)
studies has revealed N content values of 0.20 kg N/1000 L, 0.18 kg ammonium-N /1000
L, 5800 ppm total N, and 80-950 ppm total Kjeldahl nitrogen (TKN) (Koelsch et al.,
2006). While total N concentration in runoff decreased from 119 to 19.8 mg L-1 when it
came from unstocked feedlots compared to stocked lots (Mankin et al., 2006), feedlot
runoff still represents a water quality threat whether animals are or have been present on
the lots. Season also plays a role on runoff N concentrations. Less runoff volume was
documented during winter compared with summer by Kissinger et al. (2006).
Gilley et al. (2014) studied the effect of feedlot surface particle diameter on runoff
nutrient concentrations. NH4-N runoff had an inverse relation to particle diameter with
smaller, unconsolidated particle sizes in feedlot surfaces producing greater NH4-N
concentration in runoff compared to runoff from surfaces with larger particles.
2.2.4. Fertilizer value of manure nutrients
The amount of nutrients in feedlot manure depends on climate, surface
characteristics, diet, moisture, and management after excretion (Shapiro et al., 2021;
Cattle, 2019). Most of the nutrients in manure are important for plant growth. The
combined application of inorganic fertilizers and manure to cropland has revealed
increased crop yields and improved soil health properties (Qaswara et al., 2020). The use
of manure as a soil amendment has been proven to increase soil fertility due to the
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addition of inorganic nutrients and organic matter (Mi et al., 2016). Nutrients in manure
can substitute for part of the inorganic fertilizers in crop production (Rehman et al., 2020;
Xin et al., 2017). In the long term, manure can support high yields while improving soil
properties (Hepperly et al., 2009). Conventional fertilization utilizes inorganic sources of
nutrients that have a high energy demand. In the U.S., fertilizer production is responsible
for almost one-third of the energy consumed for crop production (Gellingset al., 2016).
Using manure decreases the dependance on inorganic fertilizers that do not improve soil
health. Additionally, utilization of nutrients in manure as fertilizers reduces the need to
use limited inorganic sources, especially for P (Dawson et al., 2011). Therefore,
optimizing the retention of nutrients in feedlot pen surface material and runoff is critical
to the economic viability of feedlot cattle production systems. A proper understanding of
the impact of management on the nutrient dynamics of feedlots helps to decrease nutrient
losses while increasing manure’s value as a fertilizer. Hence, the economic value of
manure increases in feedlots producing nutrient-rich manures while reducing inorganic
fertilizer purchases.
2.2.5. Pen-scale nutrient monitoring
In typical modern feedlots, animals are divided into multiple pens with
management practices implemented on individual pens. Feedlots can have thousands of
animals at any given time, cattle with similar characteristics are grouped in pens to
optimize management as an individual penned unit (Flores et al., 2017). Homogeneous
pens facilitate management decision-making and animal performance tracking (Zinn et
al., 2008). Diet composition, feeding frequency, and surface management are practices
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specific to individual pens that impact nutrient dynamics in feedlots (Wagner et al., 2014;
Mader et al., 2004; Davis et al., 2002).
As several of the main practices affecting manure nutrient composition and losses
are implemented pen by pen, the ability to measure nutrient flows on a pen scale gains
importance. Several studies have shown that pen-scale monitoring is an effective way to
understand the effect of management practices on nutrient mass balances (Table 2.1).
Studies have reported that N in runoff accounted for between 0.06% and 17% of the N
intake in cattle in feedlots under a diverse variety of management practices (Farran et al.,
2006; Luebbe et al., 2011; Luebbe et al., 2012). Studying the impact of individual penlevel management practices on manure value as a fertilizer, runoff composition, gas
emissions, and other parameters could help improve the economic and environmental
sustainability of cattle production.
2.3. Materials and Methods
2.3.1. Site description
The runoff monitoring system designs were developed for the conditions of
sixteen individual pens located in the “700 alley” section of the feedlot at the Eastern
Nebraska Research Extension and Education Center (ENREEC), Ithaca, NE
(41°9'7.95"N, 96°28'41.23"W) (Figure 2.1). Each pen measures 8.53 m wide by 24.38 m
long for an area of 208 m2. Individual pens are separated (east and west sides) by 0.46 m
tall concrete stem walls (Figure 2.2). The back, lower ends (north sides) of these pens are
open except for a steel pipe fence, which allows runoff to exit. The predominant soils are
Yutan Silty Clay Loam (10 pens or 66% of the area) and Tomek Silt Loam (six pens or

34% of the feedlot). The pens were constructed with 2-6% south-to-north slopes for
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optimal drainage (NRCS, 2021).
ENREEC feedlots are used by the University of Nebraska to conduct a wide
variety of studies on cattle production. The 700 alley pens present physical conditions
that facilitate monitoring runoff, allowing the possibility of studying nutrient mass
balances at the pen-scale.
The goal behind this project was for the ENREEC feedlot to have an accurate
means of monitoring nutrient flows in runoff on a pen scale, an important step into
understanding and improving nutrient utilization in feedlot operations. The objectives of
the work reported here were to identify design alternatives for monitoring runoff from
individual pens and analyze the designs to support selection of a system to implement at
the ENREEC feedlot.
2.3.2. Alternative design solutions: FIRM Analysis
The Factual-Intuitive-Rational-Management (FIRM) methodology was used to
compare different runoff monitoring designs. ENREEC research needs, available
technologies in the market, and systems used in past studies were identified and analyzed.
Each potential design was ranked based on how well it addressed project criteria
categorized as being either essential (a “must-have”) or desirable (a “want”). Each
desirable criterion was weighted on a zero-to-ten scale. The importance order of each
criterion was set based on conversations with personnel working on ENREEC. Weights
were established according to their relevance to the project goals.

Must-haves and wants
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The main must-have is that the system be able to measure nutrient concentrations
in runoff accurately and expediently in runoff at a pen-scale. Project wants (with
weighted importance, in parenthesis) were:
1) Sensitivity to measure low runoff flows with high solids content (9)
2) Cost (8)
3) Low management demand (7)
4) Reliable performance in outdoor conditions (6)
5) Minimal disturbance of the actual physical conditions in the feedlot (4)
2.3.3. Rainfall historic data
Historical rainfall data were obtained from three sources. Daily precipitation
amounts for January 1994 to December 2020 for the location of the 700 alley pens at the
ENREEC were obtained using the Parameter-elevation Regressions on Independent
Slopes Model (PRISM Climate Group, 2021). An 800 m resolution square covering the
area under study, with its center at 41°9'29.88"N, 96°28'24.96"W, was obtained from the
PRISM database.
Hourly spaced precipitations amounts for the 2000-2013 period were obtained
from a weather station located in Malmo, NE (41°15'46.44"N, 96°41'40.20"W). The
station is 21.90 km away from the 700 Alley pens at the ENREC and data was acquired
from Visual Crossing Corporation ®. Lastly 15-minute spaced precipitation data was
obtained for the UNL Research Feedlot Station located at 41°08'24"N, 96°30'36"W,
within ENREEC, from Weather Underground® for the May 2020 to June 2021 period.
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2.3.4. Daily runoff modeling to size concrete tanks
Daily runoff volumes were modeled for each individual pen following the Natural
Resources Conservation Service (NRCS) method of estimating direct runoff from storm
rainfall (NRCS, 2004). This method uses a Curve Number (CN) to estimate the amount of
runoff produced based on a given amount of precipitation. CN values are influenced by the
potential maximum retention of the surface receiving rainfall. While feedyard surface
conditions vary among different operations, Andersen (2016) suggested that a CN of 91 is
the best value for estimating runoff volumes in open feedlots. NRCS (2004) runoff
estimation tables for a CN 91 and PRISM daily precipitation values were used to model
daily runoff depths. Then, using the area of each pen, runoff depths were converted to daily
runoff volumes per pen.
Daily volumes were classified by the amount of precipitation depth originating
them, in 10 mm spaced groups, to understand the likelihood of different runoff volumes
for the conditions of the 700 alley feedlot. The number of precipitation events in each
group was divided by the total number of events to obtain their percentage.
2.3.5. Concrete tanks
Five sizes of holding tank were designed based on the modeled daily runoff
volumes. Tanks were sized to hold between 74% and 99% of the runoff events, a range that
generated a wide variety of tank size volumes and construction costs.
After estimating the sizes and holding capacities, each tank was designed following
the construction recommendations for concrete manure tanks in the Midwest Plan Service’s
Structures and Environment Handbook (Midwest Plan Service, 1983). Wall thickness,
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floor live loads, wall loads, vertical and horizontal reinforcement bar size and spacing,
reinforcement bars size for beams, floor depth, and floor reinforcing wire mesh size for
each tank were estimated based on the handbook’s construction recommendations. A 20%
extra caution margin was included for all the construction materials. Construction details
for each tank and runoff diversion dike and open channel were drew by Andrea Valle
(Mesoamerican University, Guatemala) using the software AutoCAD® (Autodesk, Inc).
Concrete tanks budgeting
The prices of the materials needed to construct the concrete tanks are based on
quotes and online prices. Excavation cost is based on the Nebraska Department of
Transportation English Average Unit Price for Lettings January 1, 2020, to December 31,
2020 (NDOT, 2021).
Arduino prototype building
An Arduino-based automation system for the concrete tanks was prototype-level
constructed and tested. It used an Arduino MKR1010 as a microcontroller and was
programmed using Arduino Integrated Development Environment (IDE) which is based
on the C/C++ programming language. The code used the libraries ArduinoIoTCloud,
Arduino_ConnectionHandler, Wire, DS3231, SD and SPI, described in Table 2.2.
A prototype system was built using two 7.57-l plastic buckets located one above
the other. Arduino board oversaw releasing water from one bucket to the other by
controlling a brass liquid solenoid valve (Figure 2.3). To test the accuracy of the
ultrasonic sensor, water volumes in the buckets were measured and then compared to
volumes calculated by the Arduino system based upon depth measures. After that, using
the Wi-Fi connectivity of the Arduino MKR 1010, the system was connected to Arduino
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IoT Cloud, where a dashboard that allowed real-time monitoring of water volume, setting
of aperture times, and valve control. Those functions were accessible from any device
with access to the Arduino IoT Cloud via a browser or its dedicated app. The final
Arduino script along with hardware assembly instructions, board setup, and Arduino IoT
Cloud configuration were uploaded to GitHub®, an online coding hosting platform.
The Arduino-based automatic tank prototype was tested in laboratory conditions.
Accuracy in water level readings and thus volume calculation was monitored by
comparing pre-measured water volumes in the bucket with measured readings by the
Arduino system. Arduino measured volumes were subtracted to the pre-measured real
volumes, and then an average of those values was calculated.
Arduino scaled-up tank automation system
Based on the tested prototype, a scaled-up automation system was designed. Each
part of the design was selected to be able to handle the expected daily runoff volumes and
to overcome the outdoor conditions of the feedlot. To ensure that the proposed parts were
compatible with Arduino microcontrollers, their data sheets were studied and their
vendors were contacted via email.
2.3.6. Edge-of-field automatic runoff monitoring system
An edge-of-field runoff monitoring system for the conditions of the 700 alley
section of the ENREEC was designed adapting concepts and equipment used by Miller et
al. (2004), Gilley et al. (2014), Rahman et al. (2012), and Moody et al. (2006). The
system features auto-sampling, flow monitoring and data logging, along with components
that allow the interconnection and communication between those procedures.

The automatic sampling system for flow monitoring used off-the-shelf
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components available in the market. A flow meter system would connect to the ultrasonic
sensor to measure water levels, convert those to flows values, and log the times and flow
values in a database. A sampler interface would provide connectivity between the
ultrasonic sensor and autosampler equipment to execute flow-paced sampling. A portable
sampler would perform sample collection using suction lines previously placed in the
flume. Battle configuration and special strainers and suction lines would be needed for
low flow sampling. A battery would power the ultrasonic sensor, autosampler, and flow
meter system. Parts of the systems were selected based on the expected one-minute flow
picks. Vendors offering the system parts were and contacted to obtain quote prices and
generate a final budget.
Flume sizing
Flumes are sized based on short-duration runoff flows. One-minute peak runoff
flows were estimated from historical records of hourly and 15-minutes precipitation
amounts, using the Rational Method (Chin, 2000). A runoff coefficient of 0.8 was used,
suggested by Watts et al., (2016) for feedlot complexes. The Rational Method equation
is:

Where:

𝑄𝑄 = 𝑐𝑐𝑐𝑐𝑐𝑐

Q= Peak discharge,
c= Rational method runoff coefficient,
i= Rainfall intensity,
A= Drainage area.
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Then, each volume was divided by 60, for the hourly values, and 15, for the 15min spaced values, to obtain one-minute runoff flows. To understand the probability of
the occurrence of different runoff intensities, historical runoff flows per minute were
classified in 18.93 l/min-spaced groups for the Malmo weather station and in 189.25
L/min spaced groups for the UNL Research Feedlot Station. The percentage of events in
each group was obtained by dividing each group’s events by the total number of
occurrences in the periods of time of each database.
Different sizes of H, HS, and trapezoidal flumes were identified in the market.
Flume flow measurement ranges of each flume were compared to calculated peak flow to
evaluate the likelihood of having flows outside of the flume’s capacity.
2.3.7. Concrete walls and open channel
Concrete walls were designed to direct runoff to an open channel with the
monitoring system at its end following Midwest Plan Service (1983) construction
recommendations. The open channel were designed to handle calculated peak flows,
based on the continuity equation and Manning’s Equation (Fang and Stefan, 2002):
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 × 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
Where:

𝑉𝑉 =

𝑚𝑚 2/3 1/2
𝑅𝑅 𝑆𝑆1𝑜𝑜
𝑛𝑛

V= mean velocity of flow at cross section.
m= 1.0 m3/s,
n= Manning’s roughness coefficient (0.015 for concrete dry mix),
R= Hydraulic radius, and
So= Channel bed slop.

2.3.8. Other design considerations
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No labor cost was calculated for any of the budgeted systems. Per-unit costs do
not include shipping or taxes and purchase prices should be viewed as approximate
values. The tank concrete construction materials include a 20% extra caution margin, the
rest of quantities and products do not.
2.4. Results and discussion
2.4.1. FIRM Decision Analysis alternative solutions
Alternative design solutions
Four design alternatives were first identified evaluated on its ability to address the
“must-objectives” of the project: edge-of-field monitoring system, concrete tanks, rain
simulators in plots within pens, and runoff holding ponds monitoring.
Edge-of-field runoff monitoring systems have been used in numerous cropland
studies and have also been effectively incorporated into feedlot studies. These systems
use flumes equipped with sensors to measure water levels and transform them into
volumes. Flumes require either auto-sampling devices or additional labor to perform
manual sampling. However, flume systems do not require containment of runoff, which
can be costly to construct. Several sizes and types of flumes exist in the market that offer
low-flow sensitivity and designs that avoid mismeasures due to solids deposition,
allowing accurate pen-scale runoff monitoring. The main drawback of these systems is
their high cost.
Alternatively, tank systems can be used to collect runoff and containment
structures of different kinds have been successfully used in runoff monitoring studies.
Concrete structures present as advantages their resistance to outdoor conditions, long life
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span, and chemical stability. Thank system also allow for less intensive manual sampling
compared to other systems such as flumes that do not use an auto-sampler. In tanks,
runoff is stored and samples are taken after each precipitation event, while flumes would
require a person grabbing samples during each runoff event. However, the required
runoff holding structure may present a major disturbance of the feedlot physical
conditions. Installation of a tank may require moving soil and other construction work,
take up a lot of space and reduce access to the back of pens, and potentially create a
restriction to runoff flowing from pens if it is not maintained well. Depending on the
automation level employed, there could also be high labor demand for recording of runoff
volumes, collecting representative samples, and maintaining the system between rain
events.
Rain simulators in plots within pens have also been used to monitor nutrients in
feedlot runoff. These mobile systems allow for within-pen runoff monitoring and can
provide a better understanding of spatial differences within pen. However, within-pen
systems do not allow for a direct pen-scale monitoring. Since these systems are in the
pen, there are access and maintenance issues, and labor demand is typically high. While
portability has its advantages, their mobile nature also complicates long-term studies.
Monitoring a centralized runoff storage is another approach to study nutrient
dynamics in feedlots. Runoff from several pens is directed to a common holding structure
for storage, where volumes are measured and samples are collected to analyze runoff
composition. While this method provides a general picture of nutrients and volumes of
runoff in the feedlot, often using existing structures, this methodology does not allow for
pen-scale monitoring.

Initial screening of alternative designs

81

Each identified design alternative was first evaluated on its ability to address the
must-haves of the project. Then, the options that successfully fulfilled the essential
criteria were ranked based on how well they addressed the “want-objectives” of the
project (Table 2.3).
The use of runoff holding ponds and rain simulators in plots was dismissed as
they failed to fulfill the essential criterion of the project – being able to monitor runoff on
a pen scale. Both edge-of-field monitoring using flumes and the concrete tank system
had similar FIRM Analysis Scores. The main differences between the methods were the
high cost of the flume system compared to the higher demand of management and greater
disturbance of physical conditions of the feedlot required by the concrete tanks.
2.4.2. Concrete tanks design
Daily runoff modelling
Daily runoff amounts from a feedlot pen (682.7 m2) based on precipitation events
between 1994 and 2020 (obtained from PRISM group) are summarized in Table 2.4. All
daily precipitations amounts were less than 100 mm, with an average of 17 mm. The
maximum daily runoff volume during the 26-years period was 18.33 m3.
Concrete tanks sizing
Five different sizes of concrete tanks were designed and budgeted based on the
daily runoff modeling results. Using historical precipitation data, the number of runoff
events each tank size can hold was calculated. Tank construction plans are available in
Figures 2.4 and 2.5. Proposed tanks have a storage capacity ranging from 1.42 to 12.74
m3, able to hold between 74 and 99% of the historical daily runoff precipitation events.

Concrete tanks construction designs and cost
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Tank concrete walls are 15.36 cm thick (6 in) and will be supporting a 1,436.4 Pa
(30 psf) soil load. Horizontal and vertical reinforcement bars will be spaced 0.31 m on
center. Floors will be 12.7 cm in depth (5 in) and reinforced with #10 gauge mesh,
supporting a 2,872.8 Pa (60 psf) runoff load. Due to the walls being less than 2.4 m (8 ft)
in height and 0.30 m wide (12 in), no footing will be required. Concrete tank volumes,
their runoff holding capacity, and the percentage of precipitation events that they can
store are described in Table 2.5. The larger tank (option A) has an estimated cost of
$1,745 while the smaller one (option E) has a cost of $687 (Tables 2.6 to 2.10).
Arduino-based concrete tank automation system
Runoff monitoring with concrete tanks traditionally requires manual volume
readings, manual sampling, and manual release of the water. In order to automate the
process, an Arduino-based automatic valve and runoff volume measurement log system
was designed. A board (Arduino MKR WiFi 1010) was used to drive the different
components of the systems while allowing Wi-Fi connectivity. The board was able to
send real-time readings to and be controlled from the Arduino IoT Cloud ®. The list of
off-the-shelf electronics components used for the board is described in Table 2.11.
The system can monitor and log volumes, which are accessible in real-time
through Arduino IoT Cloud via Wi-Fi. Similarly, the tank valve can be opened and closed
from any device with access to Arduino IoT cloud and, alternatively, aperture times can
be set in that platform. An Ultrasonic Sonar Distance Sensor measured water levels were
then converted by the Arduino board to volumes. A real-time clock (RTC) tracked the
time and date each measurement was taken. The card breakout board logged the volume,
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date, and time in a Micro SD card. The system was set to obtain a volume reading every
15 minutes. Finally, the Arduino board oversaw automatically opening a solenoid valve
once a day at a preset time if a minimum volume was reached.
Arduino prototype testing
The final circuit schematics are detailed in figure 2.6. The final Arduino script,
hardware assembly instructions, board setup, and Arduino IoT Cloud configuration were
uploaded to an online repository available at https://github.com/aba1mar/RunoffAutomatic-Valve. The Arduino prototype’s Ultrasonic Sensor accurately measured water
levels (Figure 2.7). shows the accuracy of the. Average difference between real and
ultrasonic sensed volumes was in average 0.02 L. Volumes and recording dates and times
were logged in a MicroSD card in .txt format to keep runoff flow records (Figure 2.8).
The functions were accessible from any device with access to the Arduino IoT Cloud via
a browser or its dedicated app (Figure 2.9).
Arduino scaled-up system
After testing the prototype, a scaled-up design was made to use parts that can
handle the expected runoff volumes and outdoor conditions of the feedlot. The estimated
cost of the scaled-up system is $1,434.30. Needed parts and schematics of the system are
available in appendix Table 2.12 and Figure 2.10. The final Arduino script along with
hardware assembly instructions, board setup, and Arduino IoT Cloud configuration were
uploaded to GitHub and are available at https://github.com/aba1mar/Runoff-AutomaticValve.

Concrete dike walls and open channel
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Concrete walls are proposed to direct runoff to the concrete tanks. Two wall
panels 0.0889 m (3.5’’) thick, 0.601 m (2’) tall, and 4.11 m (13.5’) long are needed to
direct runoff moving to the lower side of the feedlot. Panels need #3 reinforcement bars,
spaced 0.61 m vertically and horizontally, with a 12.7 cm (5’’) thick floor reinforced
using #10 wire mesh. Material quantities and prices are listed in Table 2.13.
A rectangular open channel connects the dike to the runoff monitoring system.
The channel is 0.61 m long, 0.3 water depth, and 0.3048 m wide with a 0.001 slope. This
allows for a 0.4426 m/s flow velocity and a flow discharge up to 0.0405 m3/s. According
to the Midwest Plan Service (1983), the channel floor is 0.127 m in depth, requiring #10
gauge reinforcing mesh; walls are 0.61 m long and 0.42 tall, and are reinforced with #3
bars, spaced 0.61 m vertically and horizontally. The number of materials needed and
costs for the open channel are listed in Table 2.14.
A runoff direction dike and a final open channel are needed for the proposed
systems. The cost of the dike walls was $49.60, and the final open channel was $40.67,
for a total of $90.27. A construction plan of the structure is available in Figure 2.11.
Complete cost
The cost of the concrete tank automated system goes from $3,270, for tank option
A, to $2111, for tank option E. Cost includes construction cost of tanks, runoff direction
dike and open channel, and Arduino-based automation system.
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2.4.3. Edge-of-field runoff monitoring system using flumes
One-minute peak flows and flume sizing
An automated edge-of-field runoff monitoring system using ultrasonic sensors
and flumes to track flows along with automatic samplers to account for nutrient
composition was proposed. In order to size the flume, peak flows were calculated (Tables
2.15 and 2.16). From a list of identified flumes in the market (Table 2.17), a 0.8’ HS
flume able to measure a range of flows between 0.5 and 776.0 l/min with a total cost of
$1,860.00 is recommended based on the calculated historical peak flows for historical
rainfall events.
Flow monitoring and auto-sampling equipment
The equipment for the automated flow monitoring and auto-sampling is
manufactured by Teledyne ISCO (Lincoln, NE) and has a cost of $11,122 (Table 2.18).
The edge-of-field runoff monitoring system using flumes allows for automatic flow
monitoring and automatic sampling. Auto-samplers can collect and composite samples
based on flows.
Concrete walls and open channel
The off-the field monitoring system uses concrete walls to direct the runoff to the
flume. Two wall panels 0.0889 m (3.5’’) thick, 0.601 m (2’) tall, and 4.11 m (13.5’) long
are needed to direct runoff moving to the lower side of the feedlot. Panels need
reinforcement #3 bars, spaced 0.61 m vertically and horizontally, with a 12.7 cm (5’’)
thick floor reinforced using #10 wire mesh. Material quantities and prices are listed in
Table 2.13.

A rectangular open channel connects the dike to the runoff monitoring system.
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The channel is 0.61 m long, 0.3 water depth, 0.3048 m wide with a 0.001 slope. This
allows for a 0.4426 m/s flow velocity and a flow discharge up to 0.0405 m3/s. According
to the Midwest Plan Service (1983), the channel floor is 0.127 m depth, requiring #10
gauge reinforcing mesh; walls are 0.61 m long and 0.42 tall, reinforced with #3 bars,
spaced 0.61 m vertically and horizontally. The number of materials needed and costs for
the open channel is listed in Table 2.14.
A runoff direction dike and a final open channel are needed for the proposed
systems. The cost of the dike walls was $49.60, and the final open channel was $40.67,
for a total of $90.27. Construction plan of the structure is available in Figure 2.11.
Complete cost
The final cost of the system was $13,072.00. The cost includes the prices of the
flume, ISCO flow monitoring and auto-sampling system, concrete dike, and concrete
open channel.
2.5. Discussion
2.5.1. Flumes and proximity sensors
H flumes have been successfully used to monitor nutrients in surface runoff from
sources such as riparian forest wetlands (Vellidis et al., 1994), agricultural fields
(Williams et al., 2016), flow from agricultural tile drains (Williams et al., 2015), and
headwater watersheds (Redder et al., 2021). Accuracy of flow monitoring with H flumes
depends on proper construction dimensions, appropriate construction materials and
leveling, a suitable entrance that prevents turbulent and critical flows, proper

dimensioning to avoid submergence, and correct positioning and functioning of
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measurement instruments (Komiskey et al., 2013).
Trapezoidal flumes allow accurate measurement of a wide range of flows due to
their outward-sloping walls that improve sensitivity to low discharge rates (Shelley and
Kirkpatrick, 1975). Due to its design, this flume decreases the accumulation of solids
passing through and can work under elevated degrees of submergence (Humpherys and
Bondurant, 1977). H flumes contract flow from the sides and then control flow when it
passes through a sharp-edged V-type opening. This allows a higher flow sensitivity while
avoiding the deposition of solids on the flume (Shelley and Kirkpatrick, 1975). The Vtype opening prevents the backwater effect at high flows while allowing acceptable
sensitivity at low flows (Boiten et al., 1989).
In both types of flumes, ultrasonic sensors can be used to measure water levels
and calculate flows that then will be recorded by a data logger. Different combinations of
flumes, ultrasonic sensors, and data loggers have been used to monitor feedlot runoff
(Moody et al., 2006; Gilley et al., 2014; Sura et al., 2015).
2.5.2. Arduino-based logging and automation systems
Arduino is an open-source microcontroller board created in 2005 by the
Interaction Design Institute in Italy. Arduino-based sensors and automation systems are
gaining popularity due to their low cost, simple programming language, and
effectiveness.
Several Arduino-based systems have been developed to address environmental,
agricultural, and livestock needs. Arduino boards can connect to a wide diversity of
external devices such as sensors, control switches, and connectors to wireless networks.
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Some of the fields where Arduino boards have been used are education, energy, mining,
defense, Internet of Things, healthcare, home automation, and agriculture (Kondaveeti et
al., 2021). Irrigation water monitoring (Spinelli et al., 2019), weather stations for
precision agriculture (Mesas-Carrascosa et al., 2015), plant growth monitoring (Audrey et
al., 2021), and greenhouse monitoring, and controlling (Kumar et al., 2021) are some of
the agriculture related fields that have used Arduino systems. In the livestock production
sector, Arduino has been used to develop GPS animal tracking collars (Karl and Sprinkle,
2019), cattle health monitoring systems (Swain et al., 2017), cattle environment
monitoring systems (Aswini et al., 2017), and cattle grazing monitors (Jemila and Suja,
2018).
Arduino systems have been proven to offer robust solutions in a variety of
settings. The livestock sector can keep benefiting from the versatility of this technology
and use Arduino-based systems to address environmental sustainability and water
protection.
2.5.3. Design limitations and alternatives
The proposed systems for runoff monitoring present significant differences in cost
and functionality. The main limitations of the concrete tanks are 1) requires manual water
sampling, 2) generates a major disturbance of the feedlot physical conditions, and 3)
limited sampling options. For the edge-of-field system, the main limitation is its elevated
cost.
Concrete tanks could be replaced by earthen retention ponds (Adams et al., 2004)
or plastic containers (Gilley et al., 2011) to decrease cost. That must be done ensuring
that no nutrients will pass from the containment structure to the collected runoff and

checking the long-term life and outdoor proficiency of the plastic materials. Similarly,
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concrete walls could be replaced by earthen berms (Woodbury et al., 2003; Bartelt-Hunt
et al., 2012), metal sheets (Gilley et al., 2014), or aluminum frames (Mansell et al., 2011;
Luebbe et al., 2012; Farran et al., 2006).
Tanks only allow for composite sampling; however, this kind of sampling has
been successfully used in past nutrient mass balance studies in feedlots (Bierman et al.,
1999). Both systems utilize ultrasonic sensors to measure water height. Those sensors can
produce inaccurate readings when ice layers form on the tops of the tanks. Air bubble
flow meter (Luebbe et al., 2012), pressure transducers, and area-velocity meters
(Andersen, et al., 2013) have been used for flow measurement in runoff studies, offering
an option for monitoring during icy conditions, but minimal operational temperatures of
sensors must be verified before use under those conditions. Weirs are a viable alternative
for flumes and have been used in runoff flow monitoring (Miller, et al., 2004).
Arduino-based IoT systems for runoff monitoring in agricultural settings have
been shown to considerably decrease equipment cost while successfully operating in field
conditions (Payero et al., 2021; Wijayawardhanaa et al., 2021). On the other hand, those
systems require an understanding of circuits programming and assembling that could
limit their implementation.
2.6. Conclusions
The implementation of either of the proposed designs in this project should provide
reliable runoff nutrient monitoring tools for UNL researchers in ENREEC. The designed
tools in this project will facilitate tracking nutrient mass balance flows in experimental
pens and link those to the studies already in place.
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Proposed designs have as their main limitations their elevated cost, management
complexity, and labor demand. Also, these systems are functional only in feedlots without
inter-pen runoff mobility.
The recommendations for design depend on the budget for this project. Both
proposed systems present significant differences in costs and functionality. The edge-offield flume system has been proved and used in runoff studies and presents the best
automation properties, yet its price is higher ($13,072 per pen). This would be the best
system if cost is not a constraint.
On the other hand, concrete tanks are a reliable tool for short- and long-term
runoff studies. Durability, chemical stability, and resistance to outdoor conditions are
highly desirable characteristics provided by concrete tanks. Five different tank sizes were
designed to provide cost flexibility. Tank option A would hold 99% of historical runoff
events while option E would hold 74% of them. The cost of the concrete tank automated
system goes from $3,270, for tank option A, to $2111, for tank option E. Cost includes
construction cost of tanks, runoff direction dike and open channel, and Arduino-based
automation system.
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2.9. Figures
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Figure 2.1. Aerial view of the north feedlot at the Eastern Nebraska Research, Extension and
Education Center (ENREEC), Ithaca, Nebraska, highlighting the “700 Alley” section of pens in
yellow.

Figure 2.2. Photo showing cattle and pen dividers in 700 Alley pens at the ENREEC feedlot.
The image shows the back of pens, where runoff leaves before entering a common collection and
storage system.
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Figure 2.3. Photos showing the Arduino-based tank automation system prototype tested
in laboratory conditions. The image shows the Arduino board inside a white box.
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Figure 2.4. Construction plan and profile views for tank A.
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Figure 2.5. Construction details for concrete tank A.
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Figure 2.6. Schematic of a tank automation system prototype assembled from low-cost,
commercial off-the-shelf parts.
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Figure 2.7. Ultrasonic sensor HC-SR04 performance while reading volumes in the
Arduino-based prototype.
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Figure 2.8. Logged values by the Arduino system in a .TXT file.

Figure 2.9. Arduino-based automation system’s dashboard in the Arduino IoT platform.
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Figure 2.10. Schematic of a scaled-up tank automation system assembled from commercial offthe-shelf parts.
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Figure 2.11. Construction details of the dike and open channel.
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2.10.Tables

Table 2.1. Cattle feedlot nitrogen mass balances reported in literature. Nitrogen values are
expressed as kg/head/feeding period.

N intake

N
Excretion

Runoff N

22.92

20.83

0.96

Runoff N
%
of N
Intake
4.2%

22.92

20.83

0.96

20.53

18.27

18.27

Days on
Feed

Authors

87

Bierman et al., 1999

4.2%

87

Bierman et al., 1999

1.10

5.4%

87

Bierman et al., 1999

16.29

3.16

17.3%

87

Bierman et al., 1999

30.25

27.34

0.69

2.3%

128

Kissinger et al., 2006

36.21

31.69

0.37

1.0%

166

Kissinger et al., 2006

37.90
39.70

33.20
35.40

0.40
0.30

1.1%
0.8%

180
180

Adams et al., 2004
Adams et al., 2004

38.40

33.70

0.30

0.8%

180

Adams et al., 2004

85.80

73.20

0.51

0.6%

168

Sherwood et al., 2006

86.30
74.80

73.20
65.80

0.97
0.06

1.1%
0.1%

168
120

Sherwood et al., 2006
Sherwood et al., 2006

73.70

64.80

0.10

0.1%

120

Sherwood et al., 2006

29.80

25.40

1.18

4.0%

87

Farran et al., 2006

31.40
31.90

26.80
27.30

0.96
1.11

3.1%
3.5%

87
87

Farran et al., 2006
Farran et al., 2006

29.90

25.40

1.34

4.5%

87

Farran et al., 2006

32.20

27.60

0.78

2.4%

87

Farran et al., 2006

39.40
37.10

330.00
31.90

0.49
0.69

1.2%
1.9%

196
145

Luebbe et al., 2011
Luebbe et al., 2011

31.50

25.90

0.41

1.3%

167

Luebbe et al., 2012

36.20

30.50

0.54

1.5%

167

Luebbe et al., 2012

44.60

38.70

0.78

1.7%

167

Luebbe et al., 2012
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Table 2.2. Description and source of Arduino libraries used to program the tank automation
system prototype.
Library Name and Version
ArduinoIoTCloud, 1.1.1
Arduino_ConnectionHandler,
0.6.4.
Wire

Description
This library allows to
connect to the Arduino IoT
Cloud service.
Arduino Library for network
connection management
(WiFi, GSM, NB, [Ethernet])
This library allows you to
communicate with I2C / TWI
devices.

Source
https://www.arduino.cc/
reference/en/libraries
/arduinoiotcloud/
https://www.arduino.cc/
reference/en/libraries/arduino
_connectionhandler/
https://www.arduino.cc/
en/reference/wire

This library allows the
MKR1010 Board to control
and use the internal Real
Time Clock
The SD library allows for
reading from and writing to
SD cards, e.g. on the Arduino
Ethernet Shield.
This library allows you to
communicate with SPI
devices, with the Arduino as
the master device.

RTCZero, 1.6.0

SD, 1.2.4

SPI.

https://www.arduino.cc/
en/Reference/RTC
https://www.arduino.cc/
en/reference/SD
https://www.arduino.cc/
en/reference/SPI

Table 2.3. Firm Analysis Scores for each alternative and objective.

Meet
musts

Sensibility
(9)

Cost (8)

Manageme
nt (7)

Outdoors
(6)

Disturbance
(4)

Criterion (and weighting on scale 1-10)

Edge-offield flume

Yes

85

30

70

60

40

285

Concrete
tanks

Yes

90

60

50

60

20

280

Within-pen
plots
Centralized
structure

No

-

-

-

-

-

-

No

-

-

-

-

-

-

Alternative

Total
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Table 2.4. Per-pen runoff volumes modeled based on daily precipitation in the 700 alley feedlot
section of the ENREEC using PRISM Climate Group precipitation data for 1994-2020.
Maximum
Precipitation (mm)

Cumulative Number
of Events

Cumulative
Percentage of
Events
39.1%

Maximum Runoff
Produced (m3)

10

417

0.18

20
30

772
924

72.4%
86.6%

1.40
3.04

40

991

92.9%

4.98

50

1,026

96.2%

7.04

60
70

1,052
1,061

98.6%
99.4%

9.23
11.47

80

1,064

99.7%

13.11

90

1,066

99.9%

15.42

100

1,067

100.0%

18.33

Table 2.5. Tank dimensions with runoff and precipitation holding capacities.

A

Proposed
Dimensions,
Width x Length x
Depth (m)
4.57×4.57×0.61

B

4.57×3.05×0.61

8.50

35.64

97%

C
D

3.05×3.05×0.61
3.05×1.57×0.61

5.66
2.83

23.74
11.87

92%
84%

E

1.57×1.57×0.61

1.42

5.96

74%

Tank

Runoff Holding
Capacity (mm)

Precipitation
Events Contained
(%)

12.74

53.45

99%

Volume (m3)

108

Table 2.6. Materials cost for construction of tank A.
Item
L400 Concrete (cubic yard)

Units
7.1

Unit Cost
$120.00

Total
$852.00

Rebars #3 (3/8 in x 20 ft)

14

$6.80

$95.20

Remesh sheet (3.5 ft x 7 ft)

12

$12.27

$147.24

18.21

$12.85

$234.04

DN100 (4 inch) PN16 Wafer Butterfly Valve

1

$246.07

$246.07

4" Flui-PRO PVC Butterfly Valve Kit
Charlotte Pipe 4-in x 10-ft 260 PSI Schedule 40 White
PVC Pipe

1

$117.63

$117.63

2

$26.36

$52.72

Excavation (cubic yard)

Total

$1,744.89

Table 2.7. Materials cost for construction of tank B.
Item
L400 Concrete (cubic yard)

Units
5.2

Unit Cost
$120.00

Total
$852.00

13
9

$6.80
$12.27

$95.20
$147.24

12.15

$12.85

$234.04

DN100 (4 inch) PN16 Wafer Butterfly Valve

1

$246.07

$246.07

4" Flui-PRO PVC Butterfly Valve Kit
Charlotte Pipe 4-in x 10-ft 260 PSI Schedule 40 White
PVC Pipe

1
2

$117.63
$26.36

$117.63
$52.72

Rebars #3 (3/8 in x 20 ft)
Remesh sheet (3.5 ft x 7 ft)
Excavation (cubic yard)

Total

$1,395.44

Table 2.8. Materials cost for construction of tank C.
Item
L400 Concrete (cubic yard)

Units
3.8

Unit Cost
$120.00

Total
$852.00

Rebars #3 (3/8 in x 20 ft)

9

$6.80

$95.20

Remesh sheet (3.5 ft x 7 ft)

6

$12.27

$147.24

8.09

$12.85

$234.04

DN100 (4 inch) PN16 Wafer Butterfly Valve

1

$246.07

$246.07

4" Flui-PRO PVC Butterfly Valve Kit

1

$117.63

$117.63

Charlotte Pipe 4-in x 10-ft 260 PSI Schedule 40 White
PVC Pipe

2

$26.36

$52.72

Excavation (cubic yard)

Total

$1,111.15
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Table 2.9. Materials cost for construction of tank D.
Item
L400 Concrete (cubic yard)

Units
2.40

Unit Cost
$120.00

Total
$288.00

Rebars #3 (3/8 in x 20 ft)

7

$6.80

$47.60

Remesh sheet (3.5 ft x 7 ft)

4

$12.27

$49.08

3.2

$12.85

$52.40

DN100 (4 inch) PN16 Wafer Butterfly Valve

1

$246.07

$246.07

4" Flui-PRO PVC Butterfly Valve Kit
Charlotte Pipe 4-in x 10-ft 260 PSI Schedule 40 White
PVC Pipe

1

$117.63

$117.63

2

$26.36

$52.72

Excavation (cubic yard)

Total

$853.50

Table 2.10. Materials cost for construction of tank E.
Item
L400 Concrete (cubic yard)
Rebars #3 (3/8 in x 20 ft)
Remesh sheet (3.5 ft x 7 ft)
Excavation (cubic yard)
DN100 (4 inch) PN16 Wafer Butterfly Valve
4" Flui-PRO PVC Butterfly Valve Kit
Charlotte Pipe 4-in x 10-ft 260 PSI Schedule 40 White
PVC Pipe
Total

Units
1.45
5

Unit Cost
$120.00
$6.80

Total
$174.00
$34.00

3

$12.27

$36.81

2.03

$12.85

$26.09

1
1

$246.07
$117.63

$246.07
$117.63

2

$26.36

$52.72
$687.32

Table 2.11. Detailed parts list for construction of a tank automation system prototype.
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$13.95

Part
Number
DS3231

Adafruit

1

$0.95

CR1220

Adafruit

Adafruit MicroSD card breakout board

1

$7.50

ADA254

Adafruit

Ultrasonic Sonar Distance Sensor

1

$3.95

Adafruit

1

$32.08

HC-SR04
ABX0002
3

Premium Silicone Covered Male-Male
Jumper Wires - 200mm x 40

1

$9.95

ADA4482

Adafruit

1N4001 Diode - 10 pack
Brass Liquid Solenoid Valve - 12V 1/2 NPS

1

$1.50

ADA755

Adafruit

1

$24.95

ADA996

Adafruit

Solid state relay AMR40 DD

1

$12.00

33982-RL

MPJA

Tiny Breadboard
Lithium Ion Battery - 3.7v 2000mAh

1
1

$4.00
$12.50

ADA65
ADA2011

Adafruit
Adafruit

Part

Quantity

Unit Cost1

Adafruit Precision RTC Breakout

1

12mm Diameter, 3V Lithium Coin Cell
Battery

Arduino MKR WiFi 1010

Source2

Amazon

Unit cost does not include shipping. Purchase prices are variable and should be viewed as
approximate values.
2
URLs for part suppliers are: Adafruit (https://www.adafruit.com/), Amazon (https://amazon.com),
DPJA (https://www.mpja.com/).
1

Table 2.12. Detailed parts list for construction of the scaled-up tank automation system.
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Quantity

Unit
Cost2

Part Number

Adafruit MicroSD card
breakout board. Adafruit.

1

$7.50

ADA254

Operating
Temperature
°C
-25 to 85

Sick ultrasonic sensors.
Hartfiel.

1

$318.00

UM18-21812B211

-25 to 70

Sick female connector M12, 5pin. Allied.

1

$19.00

YF2A15020VB5XLEAX

-30 to 80

1000-ohm resistor pack.
Adafruit.

1

$0.75

ADA4294

-55 to 155

2200-ohm resistor pack.
Adafruit.

1

$0.75

ADA2782

-55 to 155

Arduino MKR WiFi 1010.
Amazon.

1

$32.08

ABX00023

-25 to 70

Premium Silicone Covered
Male-Male Jumper Wires 200mm x 40. Adafruit.

1

$9.95

ADA4482

Not available

1N4001 Diode - 10 pack.
Adafruit

1

$1.50

ADA755

-65 to 175

Tiny Breadboard. Adafruit.

1

$4.00

ADA65

Lithium-Ion Battery - 3.7v
2000mAh. Adafruit.

1

$12.5

ADA2011

-20 to 60

One Channel SPDT Relay
Module. Amazon.

1

$5.98

ASIN
B00LW15A4W

Not available

DN80 (3 inch) 12VDC Wafer
Electric Butterfly Valve.
Tameson.

1

$419.29

BFLW-80-AAAAG4-012DC

-10 to 50

Lead acid battery (12 VDC 45
Ah). ISCO.

1

$348.00

ISCO-683000948

-15 to 45

Battery Charger. Schumacher.

1

$155.00

SC1320

Not available

Arduino IoT Cloud Maker Plan
– 10 months subscription.
Arduino.

1

$70.00

-

-

LeMotech Plastic enclosure
(300 x 250 x 120 mm). Amazon

1

$30.00

Lm201709071393

-

Part and source1

Total
$1,434.30
URLs for part suppliers are: Adafruit (https://www.adafruit.com/), Amazon (https://amazon.com),
DPJA (https://www.mpja.com/), Schumacher (https://www.batterychargers.com/), Tameson
(https://tameson.com/), Hartfiel (http://www.hartfiel.com/), Allied (https://www.alliedelec.com/).
2
Unit cost does not include shipping. Purchase prices are variable and should be viewed as
approximate values.
1
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Table 2.13. Construction materials and costs for concrete dike walls used to redirect runoff.
Item

Units

Unit Cost1

Total

L400 concrete (cubic yard)

0.30

$120.00

$36.00

2

$6.80

$12.60

#3 rebar (3/8 in x 20 ft)

$49.60

Total

Unit cost does not include shipping. Purchase prices are variable and should be viewed as
approximate values.
1

Table 2.14. Construction costs of open channel.

Item
Walls L400 concrete (cubic yard)
Floor L400 concrete (cubic yard)
#3 rebars (3/8 in x 20 ft)
Remesh sheet (3.5 ft x 7 ft)

Units

Unit Cost1

0.08
0.10
0.40
0.02

$120
$120
$6.80
$12.27

Total

Total
$9.60
$12.00
$6.80
$12.27
$40.67

Unit cost does not include shipping. Purchase prices are variable and should be viewed as
approximate values.
1

Table 2.15. Cumulative runoff events vs. estimated peak flows for an individual pen based on
hourly precipitation in Malmo, NE (41.2629°, -96.6945°) from 2000 to 2013.

5

18.93

2117

Cumulative
Percentage of
Events
87.77

10
15

37.85
56.78

2285
2354

94.73
97.60

20

75.70

2380

98.67

25

94.63

2394

99.25

30
35

113.55
132.48

2403
2405

99.63
99.71

40

151.40

2410

99.92

45

170.33

2411

99.96

50

189.25

2412

100.00

55

208.18

2413

100.00

60

227.10

2414

100.00

Maximum Runoff
GPM

l/min

Cumulative
Number of Events
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Table 2.16. Cumulative runoff events vs. estimated peak flows for an individual pen based on 15min precipitation in Ithaca, NE. May 2020 to June 2021.

GPM

l/min

Cumulative
Number of Events

50

189.25

302

Cumulative
Percentage of
Events
80.30

100

378.50

348

92.60

150

567.75

359

95.50

200

757.00

360

95.70

250

946.25

365

97.10

300

1135.50

369

98.10

350

1324.75

371

98.70

400

1514.00

373

99.20

450

1703.25

373

99.20

500

1892.50

374

99.50

550
600

2081.75
2271.00

375
376

99.70
100.00

Maximum Runoff
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Table 2.17. Price of trapezoidal and H flumes systems for edge-of-field runoff monitoring
system.
Item
Small trapezoidal flume (VPCTRFL-S)
End adapters for small
trapezoidal flume
Large Trapezoidal Flume
(VPC-TRFL-L)
End adapters for farge
trapezoidal flume
Ultrasonic transducer bracket
for VPC flumes
Large 60 degree V trapezoidal
flume with stainless steel
ultrasonic mounting bracket
0.5’ H flume
0.5’ Approach section for
Tracom flume
0 .8’ HS flume
0.8’ Approach section for
Tracom flume
Large 60 Degree V
trapezoidal flume

Minimum and
Maximum
Flows
0.6514 –
117.889 l/min;
0.17207 –
31.143 gpm
-

Manufacturer

Unit Cost1

VPC Fiberglass

$650

VPC Fiberglass

$890

0.6514 – 440.39
l/min;
0.17207 –
116.34 gpm
-

VPC Fiberglass

$950

VPC Fiberglass

$1,190

-

VPC Fiberglass

$80

74.6559 –
1667.32 l/min;
19.722 – 440.46
GPM
0.6814 –
564.0264 l/min;
0.18 – 149 GPM
-

Open Channel
Flow

$915

Tracom Inc.

$820

Tracom Inc.

$640

0.4921 – 776.0
l/min; 0.13 – 205
GPM
-

Tracom Inc.

$960

Tracom Inc.

$900

3.7854 – 590.52
l/min; 1 – 156
GPM
-

Tracom Inc.

$750

End adapter 60’ V trapezoidal
Tracom Inc.
$935
flume
1
Unit cost does not include shipping. Purchase prices are variable and should be viewed as
approximate values.

Table 2.18. Component costs for an auto-sampling and auto-logging edge-of-field runoff
monitoring system.
Item

Part number

Unit Cost1

Signature® Portable Ultrasonic flowmeter
System with base station, internal bubbler,
carrying handle with stand, 1 ft (0.3 m)
TIENet® receptacle cable and 12 VDC power
input cable.

ISCO-684330100

$4,338

Connect cable for external 12 VDC source.

ISCO-601394023

$112

Model 306 Sampler Interface module for flow
pacing of sampler.

ISCO-604304076

$583

Model 3700 Full Size Portable Sampler.
Includes controller, top cover, center section,
base, and distributor arm.

ISCO-683700063

$3,703

24-bottle Configuration for 3700 Full Size
Portable Sampler.
3/8 inch vinyl suction line – 100 ft. Includes
tubing coupler.

ISCO-683700064

$252

ISCO-681680058

$100

3/8 inch stainless steel strainer, low flow.
TIENet 310 Ex Ultrasonic Sensor for Portable
Signature Meter (32 Ft.)
ISCO Visit to flow site or office to help
program and operate new flowmeter.

ISCO-692903138

$71

ISCO-604314009

$1,100

Lead acid battery (12 VDC 45 Ah)

ISCO-683000948
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$515
$348

Total
$11,122
Unit cost does not include shipping. Purchase prices are variable and should be viewed as
approximate values.
1

3. CHAPTER 3: NEEDS FOR AND DESIRED OUTCOMES OF MANURE

116

TREATMENTS, CURRENT LEVELS OF TECHNOLOGY ADOPTION, AND
SATISFACTION OF SWINE AND DAIRY PRODUCERS.
Juan Carlos Ramos-Tanchez, Richard Stowell, and Amy Millmier Schmidt
3.1. Abstract
Sound management of manure is essential to minimize environmental risks while
limiting operational expenses and optimizing benefits to soil health and crop fertility. A
variety of manure treatment technologies are available and new technologies continue to
be developed for managing nutrients, solids, energy, water, and other components of
manure. While treatment technologies hold potential to improve the environmental,
economic, and social sustainability of livestock and poultry production, questions remain
regarding producer adoption of treatment systems on their operations. In this study,
online surveys were developed and distributed separately to swine and dairy producers,
and a moderated focus group of swine producers was conducted to complement survey
data. The surveys were designed to collect basic information about manure storage,
handling, and land-application on target operations and to understand potential
technological needs for manure management in the near future. The surveyed dairy and
swine producers indicated that they most valued technology with low management and
maintenance demand, adaptability to specific farm conditions, and high performance
capacity. The primary desired outcomes of treatment systems currently in use on the
surveyed farms were compatibility with the preferred land application system, retention
of storage or treatment capacity, and attainment of regulatory requirements. For future
technology adoption, technologies that allow nutrient exports and reduce workload were
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favored in addition to the current operational outcomes. Initial cost, operational cost, and
return on investment are the main barriers to upgrading the manure management system
in swine and dairy farms; and management demand is an important barrier in swine
operations. Changes in regulations and fluctuating availability of manure hauling services
are the important trends affecting farm manure management. For future extension
programming, university-led farmer discussion groups in manure management are
recommended as producers value and trust information coming from their peers.
Keywords: Manure treatment, manure collection, land-application, technology adoption,
adoption barriers, desired outcomes, survey, focus group, dairy, swine.
3.2. Introduction
3.2.1. Manure education programming
The decision-making behind the adoption of manure treatment technologies is a
complex process. Producers need technologies that meet several desired outcomes, but
several constraints can limit their access to technologies that would meet their needs.
Rahelizatovo and Gillespie (2004) found that a lack of knowledge and information was a
primary barrier to adopting manure Best Management Practices (BMP) among dairy
producers. Nevertheless, it is evident that producers have access to a plethora of
information when selecting a new manure treatment technology, including written guides,
case studies, videos for manure treatment selection developed by extension entities and
governmental agencies, as well as detailed evaluations of technological performance,
environmental impacts, and treatment mechanisms accessible in scientific articles,
reviews, conference papers, and books (Chastain, 2019; Hjorth et al., 2010; Ogejo, 2018;
Porter et al., 2019; Varma et al., 2021). Vendors also provide information about their

treatment technologies, treatment capacity, expected performance, rough costs, or a
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combination of those. Therefore, this work seeks to add to the efforts of the livestock
sector to protect soil health and water quality, while sustainably managing manure
nutrients not simply by the production of new resources, but first by a concerted effort to
understand the needs of stakeholders regarding the type of resources they most value and
their self-identified knowledge gaps.
Extension programming has been shown to improve knowledge related to
responsible manure management by improving awareness and engagement with
environmental protection issues (Meinen, 2020). Extension programs covering
knowledge gaps and needs have also proven effective in facilitating the adoption of
technology (Hou et al., 2018; Niles et al., 2019). This is due in part to the fact that
farmers’ relationships with agricultural advisors and researchers have been reported to be
a driver for the adoption of manure management best practices (Niles et al., 2019). Hou et
al. (2018) concluded, after studying farmers in four important livestock producing
countries in Europe, that understanding stakeholder perceptions about treatment
technologies is essential when designing programs and developing outreach strategies.
Therefore, to successfully address producer needs, educational programs should be
informed by an examination of the baseline condition and an understanding of the
decision-making processes of the projected participants.
3.2.2. Needs assessment in extension programming
An extension program has the objective of addressing clientele needs and
achieving measurable outcomes. The outcomes of these programs can generate changes
in knowledge, attitudes, skills and behaviors, and, consequently, can improve social,
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economic, or environmental circumstances of a targeted group or community (Israel et
al., 2011). A need is defined as the gap between a social norm and the present desirable
condition of a targeted clientele (Boone et al., 2002). Different from research, where
goals are set based on the scientific or funding demands, extension goals are set based on
the local needs of its clientele (Fletcher, 2006). An extension program usually begins
with a needs assessment that allows the identification and quantification of needs in the
clientele, and a set of objectives that define the actions required to meet those needs
(Gellermann et al., 2007; Harder, 2010). Needs assessments can also be performed when
an ongoing program would benefit from learning more about its audiences, when more
information is needed to communicate with stakeholders, or when a program is
undergoing an evaluation of its effectiveness in meeting needs (Donaldson and Franck,
2016). The clientele of an extension program (individuals, groups, organizations, etc.)
should be active collaborators in the needs assessment process so that it can effectively
identify their needs (Boone et al., 2002).
3.2.3. Technology adoption
The livestock sector is a dynamic industry that has adapted and is committed to
responding to changes in consumers’ needs and emerging environmental and social
challenges. Development and adoption of technologies have played a crucial role in
improving animal performance and production sustainability in swine and dairy farms
(McBride and Key, 2013; Shepherd et al., 2018; Tokach et al., 2016). Annually, livestock
operations generate manure containing more than 4 million MT of nitrogen (N) and more
than 1.4 million MT of phosphorus (P) in the U.S. (Glibert, 2020). These large amounts

of nutrients present a significant environmental challenge, to which treatment
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technologies could offer solutions.
New manure management technologies continue to emerge, and existing
technologies continue to improve, providing potential solutions to diverse nutrient
management needs. Solids separation, centrifugation, filtration, digestion, nitrification
and denitrification, struvite precipitation, composting, and thermochemical techniques are
a few of the processes used to treat animal manures (Aguirre-Villegas and Larson, 2017;
De Vrieze et al., 2019; Sharara and Sadaka, 2018; Varma et al., 2021; Zering, 2019).
Nutrients coming from concentrated animal feeding operations (CAFO) have
been traced to rivers in the U.S., showing the complexity of nutrient management and the
environmental risk they could represent (Brown et al., 2020). Even with the increasing
availability of treatment technologies, manure management is still a concern for farmers
and a threat to the environmental and economic sustainability of the livestock sector
(Deviney et al., 2021). It is unclear if adopting manure treatment technologies is feasible
for producers, and it remains to be determined which factors limit that adoption and what
drives the manure management decision-making process on farms. What is evident is that
treatment technologies continue to be underutilized worldwide; Foged et al. (2011)
reported that only 7.8% of the total manure produced in Europe during 2011 was
processed in some form.
The importance of understanding the drivers of technology adoption in livestock
operations has been recognized (Borchers 2015; Yang et al., 2020). However, adoption
behaviors can change between regions as farm needs and farm characteristics change
(Yang et al., 2020). Therefore, to characterize those drivers, it is essential to narrowly

target a segment and physical location of the livestock sector. Moreover, universal
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impacts of technology adoption should not be assumed since variability between farm
conditions affects technology outcomes (Schewe and Stuart, 2015).
Several studies have reviewed technology adoption by swine and dairy farms.
Borchers (2015) found that return on investment, total investment, and technology
performance drove the pre-purchase decision-making phase of dairy farmers adopting
precision farming technologies. Schewe and Stuart (2015) reported that values and
personality traits (environmental values, comfort with lack of control, relationship with
workers, among others) influence the adoption and the impacts of adopted automatic
milking technologies in dairy farms in the United States, the Netherlands, and Denmark.
Gender, farm size, and educational level influenced internet access by dairy and livestock
producers in Wisconsin (Shutske et al., 2018).
Fewer studies have specifically addressed the adoption of manure management
technologies. Niles et al. (2019) reviewed publications on dairy farmers’ determinants for
decision-making on manure management strategies in North America and Europe. They
found that on-farm factors (size, infrastructure), socio-economic factors (social networks,
income, policies), and individual characteristics (knowledge, attitudes, demographics)
influenced producers’ decision-making. The same study further concluded that those
factors had distinct effects in different regions. Published studies addressing manure
management technology adoption in swine and dairy farms in the U.S. since 2010 were
found for Wisconsin, Iowa, Missouri, California, New York, and Connecticut (Gedikoglu
et al., 2011; Niles et al., 2019). While disparate factors drive manure treatment
technology adoption in different regions of the world, understanding the needs, barriers,

and opinions of stakeholders is an important step toward better technological design,
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policymaking, outreach programming, and research planning (Hou et al., 2018). To date,
no studies have been conducted in Nebraska addressing perception of and needs for
manure management technologies or barriers to adoption.
3.2.4. Objectives
1) Assess needs for, desired outcomes of, and barriers for adoption of manure
treatment technologies and current levels of technology adoption of swine and
dairy producers in the Midwest.
2) Identify extension actions to facilitate adoption of manure treatment
technologies.
3.3. Materials and Methods
3.3.1. Survey development
One 33-question survey for dairy producers and one 39-question survey for swine
producers were developed. The survey questions covered the following sections: farm
characterization, producer characterization, housing system, in-housing manure
management system, manure storage and treatment system, past manure treatment
decision-making drivers, future manure treatment decision-making drivers and adoption
barriers, land-application characterization, and demographics.
Participants were asked questions regarding both their “primary” and “secondary”
manure management systems. The primary system was defined as “the same facility as
for manure from the gestation sows” for swine farrowing systems; “the same facility as
for manure from the finishing herd” for swine farms without a farrowing system; and “the
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same facility as for manure from the lactating herd” for dairy operations. The “secondary
system” was defined as any “separate storage and/or handling facilities”.
The process of developing survey questions was intended to optimize the amount
of useful information gathered against time required of survey participants to complete
the survey. The original sets of questions were reduced and refined to meet a target
completion time of 10-20 minutes [depending on the complexity of the manure system].
An online survey was strongly preferred, as this would facilitate broad and repeated
promotion of the survey [via a web link], reduce cost of conducting the survey, and allow
seamless nesting of questions [where respondents don’t see questions that are not
applicable to their operation]. The type of questions used in each survey are detailed in
Appendix A. Complete surveys and their question display logics are available in
Appendices E and F, and in Figures 3.1 and 3.2 Consultants from the Bureau of
Sociologic Research (BOSR) at the University of Nebraska-Lincoln provided guidance
on the survey development, IRB compliance, promotion and distribution.
3.3.2. Qualtrics setup
The surveys were set up in the Qualtrics XM online survey platform (Qualtrics,
Provo, UT). The survey used the “2014-minimal” template. Open-ended form field
questions had custom validations that only allowed the input of numeric values in the
researchers’ expected ranges. The survey’s performance was enhanced using cascading
style sheets and JavaScript codes. Appendix G describes the codes and their functions.
3.3.3. Survey distribution
The surveys were distributed using outlets and organizations that reached swine
and dairy farmers, respectively. Dairy producers were contacted by email using the
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listserv of producers working with Nebraska Dairy Extension. The Nebraska State Dairy
Association communicated the survey to its members through a newsletter and during its
2022 Annual Meeting. The I-29 Moo University announced the survey through its
newsletter. The Nebraska Pork Producers Association promoted the survey on their social
media accounts, and communicated about it to its board of directors, via a radio program,
and in their Pork Talk magazine. The survey was also promoted through the Nebraska
Extension Animal Manure Management Team website and social media accounts.
3.3.4. Survey analysis
Responses to individual questions were organized to calculate frequencies in the
swine and dairy surveys. Means, standard deviations, maximum, and minimum were
calculated for numeric entries using Microsoft® Excel® for Microsoft 365 MSO (Version
2022).
3.3.5. Manure management focus group
As a follow-up to the online surveys, one online focus group discussion was
organized. Producers who volunteered contact information through the online survey
were invited to participate in a focus group and additional promotion to producers was
conducted. The focus group session used a twelve-question questionnaire (Figure 3.3) to
prompt open-ended discussion about the prevalence of existing manure management
systems and practices, needs for and desired outcomes of manure treatment, technology
adoption barriers, current levels of adoption of and satisfaction with treatment
technology, future trends in manure management, and extension actions to facilitate
technology adoption.
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The one-hour focus group discussion occurred via the video call platform Zoom®
(Version 5.10.1, Zoom Video Communications). Original plans were to also conduct inperson focus group discussions, but these did not materialize due to lingering constraints
related to Covid-19 and compressed schedules for the limited number of in-person
producer events that were being held. A BOSR consultant moderated the online focus
group. The session was recorded using Zoom’s built-in video recording. The video was
then used to obtain transcripts using the computer software Descript® (Version 34.1.1.,
San Francisco, CA).
3.3.6. Focus groups analysis
Using the transcripts, the discussion was analyzed to identify and classify the
themes discussed by participants when responding to each question during the focus
group. The themes were then organized to identify relationships between participant
responses.
3.4. Results
3.4.1. Swine and dairy surveys
Demographics
Ten swine producers and eight dairy producers completed surveys. Swine
producers who completed the survey were primarily white (90%), male (90%), and
between 40 and 69 years old (80%). Their farms were in Nebraska (70%), Iowa (20%),
and Ohio (10%). The majority (90%) of responding producers were owners of their
farms and most had been involved in operating their farm for more than 20 years (60%).
Most of them owned or managed operations on multiple sites (70%) and raised animals
owned by the farm (70%).

Dairy producers participating in the survey were mainly white (100%), male
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(87%), and between 40-49 (38%) and 60-69 (25%) years old. The respondents were in
Nebraska (87%) and Minnesota (13%), with 87% of them being owners of the farms and
13% being managers. Half of the responding dairy producers had been involved with the
management of their operation for more than 20 years and none of them for less than five
years.
Farm characterization
Four of the ten responding swine operations managed farrowing systems. The
average size of the gestation herds on these operations was 2,762 head with a 30-fold
difference existing between the largest and smallest farms (Table 3.1). Three of the sow
farms were farrow-to-finish operations. For the six farms without farrowing, the average
finisher herd size was 23,600 head with a 60-fold difference existing between the largest
and smallest farms. Five of the six finishing farms were wean-to-finish operations.
Diverse production, housing, and manure collection systems are being used in
swine operations (Figure 3.4). Wean-to-finish and grow-finish farms were fairly
homogeneous in their housing and manure collection systems. All of the finishing herds
were reported to be housed on slatted floors and most used deep below-barn pits for
collecting and storing manure. Partially slatted flooring was prevalent in sow barns. Half
of the sow operations collected manure via pull-plug systems that drained to a lagoon
while the other half drained manure to a deep pit barn (likely the gestation barn). Fifty
percent of the swine farms have had their current housing and manure collection systems
for 11 to 20 years, and thirty percent for more than 20 years.
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On the sow farms, it was fairly common that manure from gilts was handled and
stored with the manure from sow barns. Several of the sow farms used secondary manure
management systems or offsite systems to handle manure from growers, piglets, and
finishers (Table 3.2). The primary manure management system on the finishing
operations was generally a deep pit and excluded manure from other sources (typically
generated and/or managed on a separate site).
The primary manure management system was also used to handle water from
animal cooling in 80% of the swine farms (Table 3.3). When a secondary system was
utilized, it was mainly (two farms) for managing manure with bedding. Eight swine farms
(80%) were using wet/dry feeders. Of the three swine operations utilizing lagoons, only
one farm reused water to recharge pits, while the rest used freshwater when recharging
pits or flushing manure.
For dairy farms, the average size of the lactating herd was 933 head (Table 3.1),
with a 70-fold difference between the smallest and largest herds. The main housing
system reported was freestall barns (87%) and all of these farms used sand as bedding
(Figure 3.5). Manure was predominantly collected from the cow alleys using a flush
system (75%). Unlike their swine facility counterparts, most of the responding dairy
farms (75%) reused water and estimated that they recycled on average 75% of their flush
water. The current housing, bedding, and manure collection systems have been in use for
less than 5, 5 to 10, and 11 to 20 years in 37%, 25%, and 25% of the surveyed farms,
respectively, demonstrating significant heterogeneity in the age of the systems.
In addition to handling manure from the lactating herd, the primary manure
management system was also used for manure coming from the maternity and special
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needs area on 62% of the dairy farms (Table 3.4). None of the dairy operations used the
primary system for manure from pre-weaned calves and immature heifers. Most of the
farms (87%) had a secondary manure management system, mainly to handle manure
from the pre-weaned calves (75% of the farms), dry cows (63%), and older heifers
(50%). At least half of the dairy operations raised some replacements on a separate site as
manure from calves and heifers were handled offsite on up to 50% of the farms. The
primary manure management system was also commonly used to manage impaired water
coming from the milking center (87%), lot runoff (75%), sprinklers/cow cooling (62%),
and silage leachate (50%). Some secondary manure handling systems were also used to
contain silage leachate (37%) and lot runoff (Table 3.3).
Manure treatment technology adoption
The principal technologies utilized to treat manure on the swine farms were the
addition of chemicals or additives (60%), treatment lagoons, aeration or circulation, and
composting (Figure 3.6). On the dairy side, mechanical separation (60%), sand settling
lanes (50%), settling basins, weeping walls, and composting were used most commonly
(Figure 3.6). The average number of different technologies utilized in the primary manure
management system was 3.5 per farm for dairy operations and 1.8 for swine operations.
All the dairy farms utilized at least one manure treatment technology, while 20% of the
swine operations did not employ any type of treatment. Both industries had farms using
composting, treatment lagoons, anaerobic digestion, and aeration. A clear connection was
evident on dairy farms that used a flush system for manure collection in that all of these
operations utilized mechanical separation and recycled water for flushing. The dairy and

swine farms demonstrated differences in manure treatment needs and consequently
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adopted different treatment technologies (Figures 3.4 and 3.5).
Different desired outcomes drove the adoption of manure treatment technologies
in the studied dairy and swine farms. Allowing water reuse and exporting nutrients were
the primary critical desired outcomes of implementing manure treatment technologies for
dairy and swine farms, respectively (Figure 3.7). Consequently, six out of eight dairy
farms recycled water in their operations, while only 1 out of 10 was doing so on the
swine side. Four swine farms (40%) off-farmed liquids, slurry, or semi-solids; however,
none of them off-farmed solids. For dairies, one farm exported only liquid manure, one
exported only solid manure, and one exported both (Table 3.5). While there is an
appearance of a trend overall between acres farmed and number of finishing animals, no
different relationship appears to exist between land available on the farm and herd size
for swine farms off-farming manure (Figure 3.8). The dairies exporting manure were the
largest ones in the survey (Figure 3.9). The most commonly desired outcomes of
implemented treatment technologies between the two industries were retaining storage or
treatment capacity, fitting preferred land-application system, reducing odors, and meeting
regulatory requirements.
Diverse factors influenced the selection of the implemented technologies in both
livestock sectors. Low management demand, low maintenance, robust functionality (best
performance achieving the desired goals of implementing the manure treatment), meeting
regulations, and low operating cost are among the most mentioned factors for adoption in
swine and dairy farms (Figure 3.10). None of the farms adopted new technologies due
solely to the access to cost-share or incentive programs.

As “highest priorities” for enhancing the performance of the farm’s primary
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manure management systems in the future, 50% and 30% of the swine operations
selected “fitting the preferred land-application system” and “exporting nutrients”,
respectively. In the same category, half of the dairies selected reducing workload and
37% chose retaining storage capacity (Figure 3.11). As “desired outcomes” to enhance
the manure treatment systems’ performance, 40% of the swine farms selected reducing
odors and meeting regulatory requirements. For dairies, expanding facilities and
exporting nutrients were the main desired outcomes of future manure management
enhancement.
For swine producers, reducing workload was the most commonly noted
‘emerging need’ (a need that was not present when the current technologies were adopted
but now is desired for future adoption) (Table 3.6). Even though several swine operations
adopted at least one type of manure treatment technology, that adoption has not covered
all of the farm manure treatment needs. For swine farms, only 18% of the total manure
management needs existing before the adoption of their current systems were no longer a
necessity after the implementation of the treatment systems. The most commonly selected
needs covered in swine farms were reducing odors and meeting regulatory requirements.
Dairy producers mentioned expanding facilities and reducing workload as their emerging
needs for manure treatment (Table 3.7). Over a third (38%) of the desired outcomes for
the adoption of the technologies being used in the dairy farms were no longer a need at
the time of this survey. Allowing water reuse and reducing the volume of manure handled
were the most commonly mentioned needs covered of dairy operations.
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Economics played an important role in limiting future implementation of manure
treatment technologies. Swine and dairy farmers collectively identified initial cost,
operational cost, and return on investment as the primary barriers to future technology
adoption (Figure 3.12). Management demand was another important barrier among swine
producers, and adaptation to farm conditions was mentioned frequently by dairy
participants.
Even though all of the surveyed operations reported several manure treatment
needs at the time of completing the survey, half of the dairy farms and 60% of the swine
farms are not considering adopting any manure treatment technology in the short term
(Figure 3.13). Similarly, all the surveyed producers reported the existence of at least one
barrier limiting future technology adoption per farm (Tables 3.8 and 3.9). Initial cost was
a barrier present in all the farms that are not considering any technology for future
adoption. Addition of chemicals and additives was the most mentioned technology under
consideration for future adoption, with two dairy farms and two swine farms considering
implementation of this technology.
Manure land-application
Most of the swine farms (60%) used external services to plan their nutrient
management and half of them contracted manure custom-hauling services. Swine
operations averaged 490 ha/farm while dairy operations averaged 2,586 ha/farm (Table
3.10). Most of the land owned by either farm type was tillable ground (crop land).
On average, producers estimated that most of the manure-based materials were
transported for land-application within 1.6 to 4.8 km for swine farms, and within 0 to 1.6
km for dairy farms (Table 3.11). The maximum share of manure estimated to be applied
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more than 4.8 km from the farm’s storage facility was 20% for swine and 40% for dairy.
None of the dairies were applying all their manure within 1.6 km from their manure
storage, while some swine farms were able to do so. On average 82.5% and 60% of the
manure was in a liquid or slurry form according to swine and dairy producers’
estimations, respectively (Table 3.12). All the dairies handled a share of their manure as
solids, while some swine operations managed all their manure in a slurry or liquid form.
Manure was transported to fields for land-application using drag hoses and tank
wagons in 40% and 70% of the swine farms, respectively; and through in-ground
pipelines and drag hoses in 50% and 37% of the dairy farms, respectively (Table 3.13).
Ninety percent of the swine farms employed injection for land-application, while the
dairy farms most commonly used irrigation and injection (Table 3.14). Most of the swine
producers (60%) were not looking to add to or improve any part of their manure
management system in the next five years, while 50% of the dairy farms were
considering expanding or improving their manure storage facilities in this same
timeframe (Table 3.15).
3.4.2. Focus groups
A one-hour online manure treatment focus group session was held with the
participation of two swine producers, one from Ohio and one from Nebraska. Both
producers stored manure in pits, handled manure in slurry or liquid form, and had similar
manure management challenges.
On-farm needs
Gas production affecting the health of both animals and employees was an
important concern for both producers, particularly the dangerous gases hydrogen sulfide
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and methane. One participant mentioned that a neighbor had recently died due to gases in
a swine barn. These concerns translated into avoiding pit agitation as much as possible.
The producers also desired additives that would decrease gas production, foam formation,
and crust formation.
Functional performance and consistent results were mentioned as desired factors
for future technologies. Both factors were also mentioned as reasons that keep producers
from adopting new manure treatments, especially for additives. Producers are not willing
to adopt something that has not been proven, and they notably value technologies that are
backed up by university research.
“It has got to be proven to work. The older I get the less I want to invest in
something unless I know it is going to work.” - Focus group participant
Technologies that require low management demand are appealing to producers.
They identified their current manure treatment as “easy to administer”, a characteristic
that they value. Producers also desired simplicity in management in future manure
treatment technologies. This is also a factor that limits adoption, as farmers worry about
the extra cost of the labor demanded by the adoption of technologies.
“Labor is an issue. If a new technology comes where it takes a lot of labor, that
could be a problem.” - Focus group participant
Adoption satisfaction
The results of the use of chemical additives disappointed one of the producers. He
reported that additives provided inconsistent results over time. He recently switched to a
new product, the fourth in a string of different additives he has tried over the past few
years. Both producers stated that the outcomes of the use of additives have been
inconsistent:

“I have been through so many products. (The products) would work great the first
year, and then the second year it was like I did not put anything in” and
“everybody seemed to have had one (additive), claiming that they have got the
cure for everybody. And (then) in some places they work and in some places they
don't.” - Focus group participant

134

According to participants, those products have failed to solve issues with manure
crusting, gas production, and flies in pits. On the labor demand side, producers were
satisfied by the simplicity of additives used. Both producers perceived additives as the
simplest technology to administer. The other producer was satisfied with most of the
outcomes of his manure treatment system: no foam, crust, or problems to land-apply.
Still, he expressed concerns about the production of gases and manure nutrient losses.
Cost
Both producers stated that cost is the main barrier for adoption of manure
treatment technologies. Producers hope that future treatment technologies will be able to
match the cost of conventional pumping and land-application, facilitating their adoption:
“The goal was to stay under a penny a gallon (for treatment cost), just because
that is generally what pumping costs are... some of the other ones (treatment
technologies) they were hitting 5 and 10 cents a gallon. It is just like, there is no
way (to afford them).” – Focus group participant
The costs associated with adapting farm conditions to the requirements of a
treatment technology were also mentioned as a constraint for adoption. Technologies that
require minimal modifications or minimal new infrastructure, equipment, and other
capital resources are more attractive to producers. In a similar manner, the cost of the
extra labor demanded by technologies would impact adoption:
“Labor costs money too. So that is just going to drive the cost per gallon up too,
so it all is going to tie together to that.” – Focus group participant

135
Investing in manure treatment is less appealing when producers are not obtaining
an economical benefit from it:
“Manure for me personally, it does not necessarily have a value (it is given
away). So, to spend money on the additives is not gaining for me, other than
getting rid of the crust.” – Focus group participant
On the other hand, when producers receive economic benefit from selling manure,
they show more interest in investing in technologies that retain nutrients:
“Having to apply more gallons per acre to get the same amount (of nitrogen) is
concerning because, when you are pumping gallons, it is dollars per acre that you
are pulling on whether you are getting five pounds of nitrogen or 50 pounds of
nitrogen.” – Focus group participant
Information sources
When learning about new technologies, producers mentioned that they rely on
tradeshows, pork producer organizations, universities, integrators, and information
online. Participants also stated that focus groups were a good way to learn about
treatment technologies as they could interact with farmers with similar problems and
different perspectives. Online focus groups bring the possibility of easily connecting
regionally diverse producers, which is especially important for geographically isolated
farmers. Both producers trusted and valued information generated in universities:
“It has been really impressive what our universities are doing and the resources
that you guys have available, so probably rely on the university to do that (learn
about new technologies).” – Focus group participant
Producers cited, as an example, the adoption of side-dressing manure in Ohio
after research from their local extension agent:

“I think a lot of things got to start at the university level and if it looks like it
might be (working), that's how the whole (adoption of) side-dressing (manure)
things started.” – Focus group participant

136

Producers have also seen how integrators can have a role in technology adoption
as they identify and try technologies, to later inform their collaborators:
“If the integrators see that it works (a technology) or have one site that sees it
work, they are going to pass that along because if an integrator is doing a good
job, they are going to want all their guys to do a good job.” – Focus group
participant
Producers think that integrators are interested in the success of their collaborators
and see them as a trusted source to inform their decision-making process.
Future trends impacting manure management
Even though both producers are in different states and work under different
regulations, both are expecting changes in land-application policies that would impact
their current farm’s manure management. In Nebraska, a shift to a phosphorus-based
land-application would increase the land required to manage nutrients and the distance
manure would need to be transported. In Ohio, bans on land-application during winter
would limit the application window for producers, which could increase the manure
storage, treatment, and land-application demand. Producers are aware that those
regulatory changes are likely to happen in the future and are already thinking about
options to adapt to them.
Increases in the value of inorganic fertilizer can also impact manure treatment.
One producer has already adopted a new additive to avoid nutrient losses from manure
due to the high price of fertilizer. On the other hand, this benefit can be lost if increases in

fertilizer value are generated by inflation. Producers reported increases in the cost of
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manure land-application due to increases in the price of fuels:
“So, it (investing more in manure additives) is just going to come down to the cost
of application. Just with inflation this year, all the pumpers I have talked to are
raising their prices 10%.” – Focus group participant
Farm-specific trends impacting manure management
Participants stated that the availability of custom land-application services can
have significant impacts on their farm manure management. Farmers see how the manure
transportation distance and the timing for application depend on the custom applicators’
transport and land-application methods and on their schedule. If applicators have delays,
farms can face problems maintaining their treatment and storage volumes. After losing
access to custom applicators using wagons and now only having the availability of a drag
hose service, one producer had an important decrease in the amount of ground available
for land-application. Land-application with manure wagons allows hauling manure to
distant fields, while drag hoses limit the application radius to a few miles from the farm.
With the objective of adapting to those problems and facilitating nutrient transport to
distant fields, one producer is evaluating the adoption of solid-liquid separation
technologies.
The low availability of custom applicators has forced one farm to acquire landapplication equipment to maintain their treatment and storage levels. The farmer is also
evaluating changes in his farm management to have a larger window for land-application:
“(I am considering) maybe switching some cropping practices to go to maybe
planting a couple of quarters of wheat. So, when we have labor available during
the summer, after the wheat has taken off, we could be hauling manure then.” –
Focus group participant

Another trend that could affect manure management is the findings of
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governmental projects working on the identification of economically and
environmentally sound technologies for the local conditions of farmers. Some states had
county grants to test manure treatment technologies, and producers hope that those
projects will inform them about viable treatment options:
“We have been getting grants… to try different treatments and separations... And
sounds like it (a tested technology) is going to might actually be viable, but they
(researchers) are not quite far enough to confirm that yet, but the goal was to stay
under a penny a gallon just because that is generally what pumping costs are.” –
Focus group participant
University role and future programming
Producers trust universities as independent sources of information. Both
participants have used information coming from universities to learn about manure
management and see universities as entities that can validate new technologies and start
the adoption shift. To do so, universities must work on engaging with producers and
inform them about their available tools and resources. Although producers value
university work, they also recognize the challenge of staying engaged to benefit from
university resources:
“(I have learned about new technologies) through what you guys are doing there.
I guess I am guilty of not paying enough attention to what you guys are doing.” –
Focus group participant
Producers mentioned the value of learning from dialogues among producers in
focus groups organized by the university. Focus groups can bring together producers
facing similar problems, turning the activity into a learning experience for participants.
One producer recommended continuing to organize focus groups as they create learning
spaces:

“I will be honest with you. I have probably learned more just (from) the
interaction with Participant (name erased) than I have on a lot of different things.
So, you know, more focus groups.” – Focus group participant
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Online discussions have special value in allowing conversations between
producers in different parts of the U.S., as it brings new perspectives of manure
management and resources available:
“Universities could get more focus groups like this, where you had some topics
where you were discussing and sharing ideas, I think it's a great way to learn,
especially (when talking with producers) in different parts of the country.” –
Focus group participant
Focus groups or any other activity that opens spaces to share problems and
solutions among producers has the potential to improve manure management on farms.
Like other educational approaches, though, a commitment of time is required and there
are a lot of demands on producers’ time. Although the producers valued the experience of
participating in a focus group, only two producers participated in the activity after it was
promoted through several outlets.
3.5. Discussion
3.5.1. Farm characteristics
Unsurprisingly, manure was mainly handled as a liquid or slurry form in both
swine and dairy operations. The shift from solid to liquid handling of manures in the U.S.
was reported by Schmidtt et al. (1996). Lagoons were the primary way to store liquid
manure in the past, and now that has been transitioning to below-barn pits (Key et al.,
2011; Lory et al., 2004). The generalized use of chemical additives for manure treatment
in swine operations is also not surprising. In Wisconsin, composting, addition of manure
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additives, and anaerobic separation are the main treatment practices used on pork farms
(Sanford et al., 2020).
The predominant animal housing and manure collection systems used by the dairy
respondents were freestall barns and flushing. That is similar to findings by Meyer et al.
(2011) in California dairies where they also reported that flushing and freestalls were the
most common systems. In a similar sense, Aguirre-Villegas and Larson (2017) reported
that freestall barns were the most common animal housing in Wisconsin dairies, but
farms there used mainly skid steers for scraped manure collection rather than flushing.
The high adoption of the sand separation and slurry manure treatment in this
study differs from what was found by Aguirre-Villegas and Larson (2017) in Wisconsin
dairies. Their study reported that most of those dairies did not treat slurry nor use sand
separators before land-application. Conversely, Meyer et al. (2011) found that separation
technologies were common among California dairies.
Most of the swine and dairy farms land-applied manure to fields located between
1.6 and 4.8 km and within 1.6 km from the storage structures, respectively. The
application of manure to fields that were farther away was more common in the larger
dairy operations. Reaching more distant fields is an important constraint, especially for
small- and medium-size operations. Tao et al. (2014) reported that field distance from
storage lagoons limited the land-application of manure on dairy farms in Connecticut.
Investments in manure transportation and application systems allow for application in
more-distant fields. Hadrich et al. (2010) reported that the transportation and application
cost per liter of manure slurry increased by 21% between a 175-cow dairy farm and a
700-cow farm, and it allowed the larger farm to land-apply in fields four times farther
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away. Larger operations are also more likely to be able to afford the costs of anaerobic
digestion systems and can obtain a higher revenue from it, compared to smaller farms.
Most of the swine farms used injection for land-application, while most dairy
farms used either irrigation or injection. That is not unlike the findings of Key et al.
(2011) who reported that large swine operations in the U.S. used irrigation as the main
application method, followed by injection. The methods used in dairies are similar to
reports for the Netherlands, where injection was the primary land-application method
(Gebrezgabher et al., 2015). In Pennsylvania, fewer than 5% of small dairy farms
reported the use of irrigation or injection in 1996 (Dou et al., 2001). This difference can,
in part, be explained by the difference in operation size between the two studies. In the
Pennsylvania survey, the average lactating herd was 64 head per farm, while in this
survey most of the dairies were medium or large CAFOs with an average of 933 lactating
cows.
3.5.2. Factors influencing current technological adoption
Low management demand was the most-mentioned factor that influenced the
selection of manure treatment technologies in the survey. Management requirements
were especially important for swine farms. One explanation for this is that swine and
dairy producers are mainly located in rural areas of the U.S. Many of those regions are
experiencing negative population growth as people move towards urban areas.
Accordingly, the rural workforce has declined in most of the major hog-producing states,
causing producers to face significant challenges to meet their labor needs (Boessen et al.,
2018). Dairy producers face labor shortages as well, which makes them rely on a
combination of local and immigrant workforces. In 2014, 51% of the dairy workers in the
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U.S. were immigrants (Adcock et al., 2015). The manure treatment technologies adopted
by the survey respondents must adapt to those labor conditions, making producers
prioritize systems requiring low management demand.
Low maintenance and adaptation to farm conditions were also among the most
frequently selected factors that influenced the selection of manure treatment technology
on dairy farms. The correct adaptation to the farm’s manure collection and landapplication systems was a concern expressed by 63% of the studied dairy farms.
Similarly, Niles et al. (2019) reported that among the main factors affecting the adoption
of manure collection, storage, and treatment systems for dairies in developed countries
were feeding, housing, and breeding systems. This can be explained by the fact that
producers need treatment technologies that do not require extra investment in
modifications or upgrades to the existing components of their manure management
systems. That is a crucial factor for dairy farms that need separation technologies capable
of handling their operation’s specific bedding materials while fitting their water recovery
needs.
Meeting regulations was another critical and important factor that influenced the
selection of the adopted technologies for half of the dairy and swine farms. That aligns
with what has been documented in European countries, where governmental regulations
have increased manure treatment adoption (Hou et al., 2018). In Italy, De Marinis et al.
(2021) reported that manure treatment technologies were mainly adopted following the
need to adapt to regulations. In the case of the U.S. hog sector, environmental policies
have also shaped manure treatment changes in the 1998-2009 period (Key et al., 2011).
In Louisiana, Paudel et al. (2008) reported that cost-share incentives and guidance from

the Natural Resources Conservation Service can increase adoption of BMP by dairy
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farms.
Finally, the opportunity to hear about manure treatment technologies from sources
producers trust is a factor influencing technology adoption. The focus group in this study
provided a learning space for producers, which they described as a great opportunity to
inform themselves about manure management. Peer-to-peer knowledge sharing has been
successfully used in extension in the past (O'Connor et al., 2021). Farmer discussion
groups offer spaces to share thoughts and experiences between farmers, a trustworthy
source of information (Barrett and Ewer, 2008). Buckley et al. (2015) documented that
participating in farmer discussion groups resulted in higher adoption of nutrient
management practices among farmers in Ireland. In the same country, O'Connor et al.
(2021) concluded that dairy discussion groups provided “contextualized and experiencebased” information to farmers. Learning from other producers can be challenging when
operations are geographically isolated. Universities can therefore have a leading role in
the facilitation of online farmer discussion groups to overcome geographic barriers and
create a learning space for producers.
3.5.3. Desired outcomes for adoption of technologies in the future
Fitting preferred land-application system
The most mentioned future desired outcome of manure treatment technologies
was fitting the farm’s preferred land-application system (the surveyed swine and dairy
farms land-applied manure mainly through injection and irrigation). Land-application
equipment might not function properly when dealing with large particles, which is
especially important when using bedding materials. Land-application using a drag hose

requires slurries with low solids content to prevent clogs and system malfunctions
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(Wright and Bossard, 2003). Similarly, pivots and drip irrigation can have clogging
issues with dealing with liquids containing large solids (Guido et al., 2020). For these
reasons, manure treatment could be necessary when using irrigation equipment to landapply. As an example, solid-liquid separation can remove large- and medium-sized
particles (diameters larger than 0.25 mm) (Chastain, 2019). Fitting a preferred landapplication system is still an important desired outcome for future technology adoption
among half of the surveyed farms.
Retaining storage or treatment capacity
Retaining storage or treatment capacity was another of the main desired outcomes
for future manure treatment technologies in swine and dairy farms. Storage capacity is
lost when solids settle and collect in the bottom of treatment and storage structures as
sludge, and their removal requires special equipment (Schmidt, 2013). Sand settling
lanes, mechanical separators, and weeping walls, among other technologies, can decrease
the solids content in liquid and slurry manures and thereby retain storage capacity
(Mukhtar et al., 2011; Varma et al., 2021). Although those technologies are available,
retaining storage capacity continues to be a need for the farms in this survey. Most of the
technologies allowing separation or sedimentation of solids demand substantial initial and
operating costs, reasons that could be keeping producers from adopting them.
Allowing water reuse or recycling
The most selected critical desired outcome of implemented manure treatment
technologies in dairies was allowing reuse or recycling of water. Interestingly, no swine
farm selected that need as a desired outcome of past or future technology adoption.
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Similarly, water reuse was adopted by almost half of the dairy farms that Robinson et al.
(2016) studied in Ontario, Canada. In that study, water reuse was the most common water
conservation strategy adopted by farmers. Reductions in the volume of generated
wastewater and cost reductions were the main factors behind the interest in water reuse in
dairy (Robinson et al., 2016). Water is a crucial input in milk production and producers
are adapting to possible water shortages and an increase in the water demanded by other
sectors (Shine et al., 2020).
Reused water is usually utilized for cleaning purposes in holding pens and
freestall barns in dairy farms; and in flushing systems in swine operations (Varma et al.,
2021). In our survey, dairy producers mainly used mechanical separators and sand
settling lanes to decrease manure’s solids content and allow water recycling. The use of
those manure treatment technologies to enable water recycling has been widely
documented (Hjorth et al., 2010; Varma et al., 2021). The improved availability,
practicality, and cost of those technologies have increased the number of farms recycling
water, with 60% of the survey respondents in this study indicating that they had
previously adopted technologies to allow water reuse.
Reducing workload
Reducing workload was mentioned by half of the dairy and swine farmers as
either their highest priority or a desired outcome for enhancing the farm’s primary
manure management system. The need to consider labor availability and its skills level,
and compare it with technology’s labor demand has been recommended when selecting a
treatment system (Aldrich and Gooch, 2005; Ogejo 2018). In that sense, it is interesting
to notice that only three farms considered reducing workload when selecting the
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technologies that they adopted, compared to nine farms considering that desired outcome
to enhance their treatment system in the future. Labor shortages and labor cost are
motivating producers to invest in technology that simplifies the management of their
manure treatment systems.
Exporting nutrients
Allowing nutrient export was the most-mentioned, critical desired outcome of
technology adoption in swine operations; and is an important desired outcome for future
adoption of technologies. Producers in this study see manure treatment technologies as an
option to overcome nutrient management challenges; hence, half of them are interested in
adopting technologies to facilitate nutrient exports in the future. The dairy and swine
operations’ need to transport manure nutrients off-farm have been documented in several
states in the U.S. (Dell et al., 2022; Meinen et al., 2022). When farms have limited land
available for manure application, the water quality risk could increase and nutrients can
be lost without benefiting crops (Hadrich et al., 2010; Spiegal et al., 2020). Nutrients in
liquid manure and manure effluents are very diluted, yet transporting liquid manure to
distant fields or off-farm locations is expensive. There is a need, especially on large
livestock farms, for technologies that allow the export of concentrated nutrients to land
controlled by crop farms (Meinen et al., 2022). Producers are also aware of the possibility
of changes in regulations that would impact their land needs. A switch from nitrogenbased land application to a phosphorus-based standard would require a larger land
application area (Toth et al., 2006). Solid-liquid separation technologies, among others,
allow for the creation of a manure product that can be transported farther to fields that
don’t normally receive manure (Hjorth et al., 2010).

Reducing hazardous gases
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Farmers participating in the focus group expressed concerns about hazardous gas
production in pits storing manure. Ammonia (NH3) and hydrogen sulfide (H2S) can reach
dangerous and even lethal concentrations for animals and humans inside barns during and
after slurry agitation (Hoff, et al., 2006). Pit additives can offer solutions to gas
production but participants in the groups were concerned by the inconsistency of the
performance of those products. Research also has found inconsistent performance of
biological and chemical additives to reduce gas production in deep pits (Chen, et al.,
2020; Rahman et al., 2011). Several protocols and guidelines to safely handle slurry in
confined storage are available for producers (Hoff, et al., 2006; Murphy and Hill, 2012).
Although producers are aware of those protocols, they still desire manure treatment
technologies that would significantly reduce hazardous gas production, reducing risk to
animal and worker health.
3.5.4. Barriers for technology adoption
Future adoption of technologies is hampered by several barriers that overcome
their potential benefits. In our survey, the most-desired technology for future adoption
(25% of the farms) was addition of chemicals or additives, which is one of the least
capital-demanding options in the market. None of the farms were interested in adopting
any novel manure treatment technology: membranes, electrochemical precipitation,
anaerobic digestion, gasification, flocculation, etc.
Economics: Initial and operational costs, return on investment
Initial cost and operational cost are the main factors limiting manure treatment
technology adoption. Manure management can account for a significant share of the
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production cost in livestock operations (Lory et al., 2004). The specific characteristics of
each operation influence the manure management decision and the cost of adopting a
technology (Lory et al., 2004). Larger farms can split the manure management cost
between more animals, which increases their capability to adopt more-expensive
technologies (Lory et al., 2004). In that sense, Hou et al. (2018) and De Marinis et al.
(2021) reported that producers’ lack of investment cost and high operational cost were
the main barriers to the adoption of manure treatment technologies in four European
countries. Investment returns from adopting anaerobic digesters in swine operations were
encouraged by subsidies in Canada, but they were still not enough to overcome cost
concerns and increase adoption (Anderson and Weersink, 2014).
Solutions to overcome economic barriers for adoption of technologies can include
the implementation of policies and programs. Gloy and Dressler (2010) concluded that
policies that develop markets for renewable energy and for reduced methane emission are
crucial for overcoming financial barriers to the adoption of anaerobic digestion in U.S.
livestock operations. Key and Sneeringer (2011) concluded that small farms would need
higher carbon prices to incorporate profitable methane digesters in the U.S. Similarly,
Strazzera and Statzu (2016) concluded that adopting regulations that increase awareness
of the economic benefits and developing markets for biogas fertilizers could promote the
adoption of anaerobic digestion in Italy. Also in Italy, policies, incentives, and
sensitization programs were not able to displace economics as the main driver of manure
treatment technology adoption (De Marinis et al., 2021). Those studies exemplify the
complexity of manure treatment adoption processes, affected by the diverse
characteristics and challenges of different regions of the world.

Management demand
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Management demand is a barrier to adoption in 40% of the studied swine farms.
Labor intensity was reported as a barrier for adoption of nutrient management practices
by livestock producers with off-farm employment in Iowa and Missouri (Gedikoglu et al.,
2011). A rapidly increasing employment rate, tight labor supply, population shift from
rural to urban areas, aging rural workforce, and a declining flow of immigrant workforce
are factors contributing to the existing labor shortage in the swine industry (Boessen et
al., 2018). Labor intensity can be a disadvantage of some solid manure treatment
technologies like composting, which makes their adoption challenging (Owusu-Twum
and Sharara, 2020).
3.6. Conclusions
The main factors behind the adoption of the technologies being used in the
surveyed dairy and swine farms were low management and maintenance requirements,
adaptation to specific farm conditions, and the best functional performance. The main
desired outcomes that producers sought when considering the adoption of new manure
treatment technologies were fitting the preferred land-application system, retaining
storage or treatment capacity, and meeting regulations in both swine and dairy operations,
while allowing water reuse was a predominant need in dairy farms only. Fitting land
application systems and retaining storage or treatment capacity continue to be important
needs for future adoption of technologies for swine and dairy farmers, while allowing
water reuse has been already covered in most of the farms with that need. Exporting
nutrients and reducing workload are emerging needs for both dairy and swine producers.
The focus group identified a need for technologies that reduce gas production and its
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risks, and a need for proven technologies that perform consistently over time. Initial cost,
operational cost, and return on investment are the main barriers to upgrading the manure
management system in swine and dairy farms, while technologies’ management demand
is an important barrier in swine operations.
The focus group participants indicated that changes in land-application
regulations and on the supply of custom land-applicators are the main trends impacting or
potentially impacting manure management needs. To inform their manure management,
producers use information from fellow producers, university extension, vendors,
integrators, and online information from multiple sources. In future extension
programming, university-led farmer discussions on manure management are
recommended because producers most value and trust information coming from their
peers.
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3.9. Figures

Figure 3.1. Flow in the swine producers’ survey.

Figure 3.2. Flow in the dairy producers’ survey.
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Figure 3.3. Questionnaire used during the focus group session.
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Figure 3.4. Farm characterization and manure management flow of ten swine farms.
FTF=Farrow-to-finish
PP=Pull-plug/shallow pit
FTW=Farrow-to-wean
DP=Deep pit
GF-F=Grow-finish or finishing
FL=Flush
WTF=Wean-to-finish
PSOP=Partially slotted open pens
ISWPSF=Individual stalls with partially slotted floor
ASFB=All slotted-floor building
.

AD=Anaerobic digestion
CO=Composting
AE=Aeration
LA=Lagoon
CH=Chemicals
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Figure 3.5. Farm characterization and manure management flow of eight dairy farms.

Technology

CS=Corn stalk

Mch=Mechanical
Stt=Settling lane
NS=No separation

Sd=Sedimentation
TL=Treatment lagoon
AE=Aeration
AD=Anaerobic digestion

DD=Direct drying
Co=Composting

Composting
Mechanical separation
Addition of chemicals/additives
Sand settling lane
Treatment lagoon
Settling/sedimentation basin
Anaerobic digestion
Aeration/circulation
Weeping wall/picket dam
None
Direct drying
Other Liquid
Other Solid
Gasification
Membrane technology
Electrochemical precipitation
Flocculation/coagulants
0

1

2

3

4

5

6

Farms
Dairy

Swine

Figure 3.6. Treatment technologies being used in primary manure management systems.
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Desired Outcomes
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Fitting preferred land-application system
Meeting regulatory requirements
Reducing odors
Retaining storage/treatment capacity
Reducing manure volume handled
Committing to environmental stewardship
Exporting nutrients
Allowing re-use/recycling of water
Facilitating transportation
Expanding facility
Creating value-added products
Reducing plugging
Reducing workload
Generating/reusing bedding material
Reducing land needed for application
Addressing community concerns
Other
Producing renewable energy
0

1

2

3

4

5

6

7

8

9

Farns
Dairy (critical)

Dairy (important)

Swine (critical)

Swine (important)

Figure 3.7. Primary desired outcomes of the implementation of manure treatment technologies.
Data from 8 dairies and 8 swine farms.

Figure 3.8. Land available per animal on eight swine farms.
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Figure 3.9. Land available per lactating cow on eight dairy farms.

Low management demand
Low maintenance
Performs best functionally
Meeting regulations

Factors

Low operational cost
Adaptation to farm conditions
Return on investment
Low initial cost
Access to service and support
Low energy demand
Other: Fertilizer value
Cost-share or incentives
0

2

4

6

8

10

12

Farms
Dairy (critical)

Dairy (important)

Swine (critical)

Swine (important)

Figure 3.10. Factors that most influenced the selection of implemented manure treatment
technologies (n = 8 dairies + 8 swine farms).

Desired Outcomes
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Reducing workload
Fitting preferred land-application system
Exporting nutrients
Retaining storage/treatment capacity
Meeting regulatory requirements
Reducing odors
Reducing manure volume handled
Expanding facility
Committing to environmental stewardship
Facilitating transportation
Addressing community concerns
Producing renewable energy
Reducing land needed for application
Reducing plugging
Generating/reusing bedding material
Allowing re-use/recycling of water
Creating value-added products
Other
0

1

2

3

4

5

6

7

8

9

10

Farms
Dairy highest priorities

Dairy desired

Swine highest Priorities

Swine Desired

Barriers

Figure 3.11. Top needs or desired outcomes for enhancing the performance of the farm’s primary
manure management system in the future.

Initial cost
Operational cost
Return on investment
Adaptation to farm conditions
Management demand
Maintenance issues
Regulations
Facility expansion
Lack of cost-share or incentives
Functional performance
Environmental stewardship
Access to service and support
Energy demand
0

1

2

3

4

5

6

7

8

9

Farms
Dairy

Swine

Figure 3.12. Barriers of highest concern when upgrading manure management system on swine
and farms, especially through adoption of manure treatment technology.

Technology
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None
Addition of chemicals/additives
Composting
Aeration / circulation
Direct drying
Treatment lagoon
Settling/sedimentation basin
Sand settling lane
Mechanical separation
Other
Gasification
Weeping wall / picket dam
Membrane technology
Electrochemical precipitation
Anaerobic digestion
Flocculation/coagulants
0

1

2

3

4

5

6

7

Farms
Dairy

Swine

Figure 3.13. Treatment technologies that had been recently considered or were being considered
to upgrade the farm’s manure management system in the future in swine and dairy operations.

3.10.Tables
Table 3.1. Herd sizes of swine and dairy farms participating in the survey.
Species

Number
of Farms

Herd size
Average

Range

Animals Counted

Dairy

8

933

30 – 2,150

Lactating cows

Swine (farrowing)

4

2,762

250 – 7,500

Sows

Swine (finishing)*

5

23,600

1,200 – 70,000

* One farm did not share its herd size.

Finishers (on the site)

Table 3.2. Number of swine farms handling manure from additional animal groups.
Production
System

Farrowing
farms (n=4)

Finishing
farms (n=6)
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Farms Reporting This Manure Source

Manure
Handling
System

Growers

Gilts

Piglets

Finishers

Offsite

1

0

1

2

Other
Manure
Sources
2

Primary system
Secondary
system

0

3

1

0

0

3

1

2

2

0

Offsite

2

4

2

-

3

Primary system
Secondary
system

3

1

3

-

0

1

1

1

-

1

Table 3.3. Management of materials typically combined with manure on swine and dairy farms.
Species

Dairy

Swine

Material Source

Farms using manure handling system
Not
Primary
Secondary
system
system
applicable

Milking center wastewater

7

0

0

Water from sprinklers/cow cooling
Lot runoff

5
6

0
1

0
0

Silage leachate

4

3

0

Other type

1

0

0

Bedding

0

2

0

Lot runoff

0

0

0

Water from animal cooling

8

1

0

Other type: Soakers

1

1

0
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Table 3.4. Number of dairy farms handling manure from additional animal groups other
than lactating cows.
Manure Handling System
Primary
Secondary
Offsite
System
System
1
2
5

Manure Source
Dry cows
Maternity & special needs

0

5

3

Pre-weaned calves

2

0

6

Immature heifers
Breeding age & bred heifers

4
3

0
2

4
3

Other manure source

1

0

2

Table 3.5. Producers-estimated share of manure and manure-based material typically ‘moved off
the farm’ (marketed, sold, or given away).
Statistic
Average

Solid Material (%) Liquid Material (%)
Swine
Dairy
Swine
Dairy
15.63
91.50
11.25

Minimum

0

0

0

0

Maximum

0

100

100

75

Number of farms

0

2

4

2
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Table 3.6. Evolution of desired outcomes of manure treatment technology adoption among swine
respondents.
Outcomes
Retaining storage/treatment
capacity

Emerging
needa
1

Number of Farms
Need
Recurrent
coveredb
needc
0
3

4

Need
covered
(%)d
0

Total

Facilitating transportation

1

0

1

2

0

Allowing reuse/recycling of water
Fitting preferred land-application
system
Reducing workload

0

0

0

0

-

2

1

4

7

20

4

0

1

5

0

Exporting nutrients

2

1

3

6

25

Reducing plugging
Reducing land needed for
application

1

1

1

3

50

2

0

1

3

0

Reducing odors
Producing renewable energy

2
1

2
0

3
0

7
1

40
0

Creating value-added products
Committing to environmental
stewardship

0

1

1

2

50

0

0

3

3

0

Expanding facility

1

1

0

2

100

Meeting regulatory requirements
Reducing manure volume
handled

2

2

2

6

50

2

0

1

3

0

Addressing community concerns
Generating/reusing bedding
material

2
0

1
0

0
0

3
0

100
-

Farms that only mentioned the outcome as desired for future technology adoption
Farms that mentioned the outcome as desired when adopted the existing technology and did not
select the outcome as desired for future adoption
c
Farms that mentioned the outcome as desired when adopted the existing technology and still
selected it as desired for future adoption
d
Percentage of adopters that covered their desired outcomes with the implemented manure
treatment technology
a

b
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Table 3.7. Evolution of desired outcomes of manure treatment technology adoption among dairy
respondents.
Outcomes
Retaining storage/treatment
capacity

Emerging
Needa

Number of farms
Need
Recurrent
coveredb
Needc

Total

Need
covered
(%)d

1

2

2

5

50

Facilitating transportation

0

1

2

3

33

Allowing reuse/recycling of water
Fitting preferred land-application
system
Reducing workload

0

3

2

5

60

2

2

1

5

67

3

1

1

5

50

Exporting nutrients

2

0

1

3

0

Reducing plugging
Reducing land needed for
application

0

0

1

1

0

0

1

0

1

100

Reducing odors
Producing renewable energy

0
2

1
0

1
0

2
2

50
-

Creating value-added products
Committing to environmental
stewardship

0

1

0

1

100

2

2

0

4

100

Expanding facility

3

1

1

5

50

Meeting regulatory requirements

1

2

1

4

67

Reducing manure volume handled
Addressing community concerns

1
1

3
0

1
0

5
1

75
-

Generating/reusing bedding
material

1

1

1

3

50

Farms that only mentioned the outcome as desired for future technology adoption
Farms that mentioned the outcome as desired when adopted the existing technology and did not
select the outcome as desired for future adoption
c
Farms that mentioned the outcome as desired when adopted the existing technology, and still
selected it as desired for future adoption
d
Percentage of adopters that covered their desired outcomes with the implemented manure
treatment technology
a

b
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Table 3.8. Manure management technology adoption, present needs, considered technologies for
adoption, and adoption barriers in ten swine farms.
Farm Adopted Technology

Present Needs
Highest Priorities Desired
EN, FT
RR, ES
RR,
RO, RS, LA
RW, LN

Considered
Technology*

Adoption
Barriers

None

IC

AE, CO

RI, AF, CS

1

CH

2

None

3

CH-AD-CO

LA, RW, LN

4

CH-AE-TL

VA, EN, LA

5

CH-AE-TL-Other

RE

RW

None

IC, MD, RI

6

AD-CO

None

RV, RR

None

7

CH

RS, RP, FT

LA, RO

CH, AE

IC, MD
IC, OC,
MD

8

AE-TL-CO

RS, RW

LN, ES,
RV

None

IC, OC, RI

9

CH

LA, EN, ES

None

RI, IC

10

None

CC, EF, LA

None

IC, OC, RI

EN, CC,
RV
RO, RS,
RP

RO, RR
RO, EN,
RW

MS, SB, DD
CH, TL

IC, OC,
MD
FE, MI,
OC

* Treatment technologies recently considered or currently under consideration to upgrade the
farm’s manure management system in the future
CH =

Addition of chemicals

AD =

Anaerobic digestion

CO =

Composting

MS =

Mechanical separation

AE =

Aeration/Circulation

TL =

Treatment lagoons

SB =

Settling Basin

DD =

Direct drying

RS =

Retaining storage/
treatment capacity

FT =

Facilitating
transportation

RW =

Reduced workload

RO =

Reducing odors

RP =

Reducing plugging

EN =

Exporting nutrients

LN =

Reducing land
needed

RE =

Renewable energy
production

LA =

Fitting preferred land
application system

ES =

Committing to
environmental
stewardship

RR =

Meeting regulatory
requirements

VA =

Creating value-added
products

MD =

RV =

Reducing volume of
manure handled

CC =

Addressing
community concerns

AF =

Adaptations to
farm conditions

OC =

Operational cost

IC =

Initial cost

EF =

Expanding
facilities

MI =

Maintenance issues

RI =

Return on investment

CS =

Lack of cost-share/
incentives

FE =

Facility expansion

Management
demand
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Table 3.9. Manure management technology adoption, present needs, considered technologies for
adoption, and adoption barriers in eight dairy farms.
Present Needs
Highest Priorities Desired
EF, EN,
LA, RE, RW
RV

Farm

Adopted Technology

1

MS, SS, SB, DD

2

AD, CO

3

MS, SS, SB, DD

RS, RW, RP

4

MS, SS, SB, WW, CO

EN, FT, RW

5

MS, SB, WW

RB

6

AE, MS, SS, TL WW

ES, LA, RO

7

AD, MS, SS, CO

RS, WR, EF

8

SP

RS, RR, RW

WR,
RB, LA

Considered
Technology*

Adoption
Barriers

CH

-

None

IC, RI, AF

None

IC, OC, RI

CH

IC, RI, MI

RE, RV
RR, CC,
EF
EN

SS

IC, AF, FP

None

OC, IC, RI

None

IC, OC

FT, ES,
EF

CO

IC, AF

* Treatment technologies recently considered or currently under consideration to upgrade the
farm’s manure management system in the future
SS =

Sand settling lane

CH =

Addition of chemicals

AE =

WW =

Weeping wall

SP =

Stockpiling

AD =

Anaerobic digestion

CO =

Composting

Aeration or circulation

TL =

Treatment lagoons

MS =

Mechanical
Separation

SB =

Settling basin

DD =

Direct drying

WE =

Allowing re-use of
water

RB =

Generating/reusing
bedding material

RS =

Retaining
storage/treatment
capacity

FT =

Facilitating
transportation

LA =

Fitting preferred landapplication system

RW =

Reducing workload

EN =

Exporting nutrients

RP =

Reducing plugging

RO =

Reducing odors

RE =

Producing renewable
energy

ES =

Committing to
environmental
stewardship

EF =

Expanding facility

RR =

Meeting regulatory
requirements

RV =

Reducing manure
volume handled

CC =

Addressing
community concerns

IC =

Initial cost

OC =

Operational cost

RI =

Return on investment

AF =

Adaptation to farm
conditions

MI =

Maintenance issues

RE =

Regulations

FP =

Functional
performance
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Table 3.10. Estimated hectares of land controlled by the responding swine and dairy farms.
Industry

Total land
(Ha)
490

Statistic
Average

Swine

Permanent Pasture
(Ha)
172

Minimum

0

0

0

Maximum

2,226

809

1,416

669

314

440

2,586

2,524

62

Minimum

81

81

0

Maximum

16,268

16,187

202

Standard deviation

5,541

5,531

62

Standard deviation
Average
Dairy

Tillable
Ground (Ha)
319

Table 3.11. Producer-estimated percentages of manure-based materials transported for landapplication within specified distances.
Distance transported
≤ 1.6 km from storage facility
1.6 to 4.8 km from storage facility
> 4.8 km from storage facility

Average (%) Minimum (%) Maximum (%)
Swine Dairy Swine Dairy Swine Dairy
44.5
52.5
0
30
100
90
52.5

30.0

0

0

100

50

3.0

17.5

0

0

20

40

Table 3.12. Share of the total volume of generated manure that is applied as liquid or pumpable
slurry.
Statistic
Average
Minimum
Maximum
Standard deviation

Liquid and Slurry (%)
Swine
82

Dairy
60

0

5

100
37

90
29
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Table 3.13. Transportation method of liquid and slurry materials to fields for land-application.
Transportation Method Swine Farms Dairy Farms
Tank wagon or truck
4
0
Drag hose
In-ground pipeline

7
1

3
4

Other, specify:

0

1

Table 3.14. Systems used to land-apply liquid and slurry materials.
Land-Application System
Irrigated (irrigation system)

Swine Farms Dairy Farms
2
4

Broadcasted w/incorporation within 24 hours
Broadcasted wo/incorporation within 24 hours

2
0

0
1

Injected

9

4

Table 3.15. Components of the manure management system that producers were looking to
expand or improve in the next five years.
Swine
Farms
1
2

Dairy
Farms
1
1

Storage facilities

0

4

Transport from manure storage

1

0

Land application

2

2

None/NA

6

3

System Part
Manure collection and/or transfer to storage
Manure processing or treatment
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3.11.Appendix
Appendix A. Question types and frequencies in the swine and dairy surveys.
Question type
Form field

Dairy Swine*
6
7

Constant sum
Multiple choice

3
14

3
19

Likert Matrix Table

4

3

Pick, group, and rank

5

5

Total

32

37

*Two blocks of eight questions each in the swine survey had slight changes to adapt to the
production systems of the respondents. Each respondent was directed to the block that better
matched their farm conditions. The maximum number of questions to which swine producers
responded were 34 out of a total of 42.
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Appendix B. Letter of approval and exemption from the University of Nebraska-Lincoln

Institutional Review Board (IRB), for conducting the project.
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Appendix C. Letter of approval from the University of Nebraska-Lincoln Institutional

Review Board (IRB), for change request adding the I-29 Moo University listserv as a
recruitment via in the project.
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Appendix D. Letter of approval from the University of Nebraska-Lincoln Institutional

Review Board (IRB), for change request adding to focus groups to the project.
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Appendix E. Swine producer survey
Swine NE- Manure Management
Start of Block: Consent
Consent
Utilization of Manure Management Technologies by Swine Farms
The University of Nebraska-Lincoln Animal Manure Management Team is conducting this survey
to foster development of technologies that meet the practical manure management needs of
modern swine farms. The survey questions address the prevalence of existing systems and
practices, needs for and desired outcomes of manure treatment, and current levels of adoption of
and satisfaction with treatment technology by swine producers. The survey is intended to be
completed by swine farm operators and/or facility managers. Anticipated completion times is 1020 minutes.
By filling out the following form, you are consenting to the responses being used for applied
research as well as extension purposes. Your participation in this study is voluntary and your
answers will be kept confidential to the extent allowed by law and University policy. Individual
responses will never be published. If you have questions about your rights as a participant,
please contact the UNL Institutional Review Board at 402-472-6965 or irb@unl.edu. All data will
be aggregated before release. If you are willing to provide details about the technical and
economic aspects of your manure management system, you can voluntarily provide your contact
information at the end of the survey.
All of those who complete the survey will be eligible for a drawing for $100 gift cards for
preferred manure and/or soil analysis laboratories. The drawing will be conducted by Juan
Ramos, using an online random number generator. Winning participants will be contacted by
email after the survey distribution period ends. The odds of winning are no lower than 1 in 50.
I confirm I am at least 19 and I have read the consent form and agree to voluntarily participate in
this survey.
Yes (1)
No (2)
Page Break
End of Block: Consent
Start of Block: Farm characterization
Use the arrows at the bottom of the page to move backward and forward in the survey.
Your answers to the following questions will help us understand what facilities exist and how
manure is handled on the swine farm. (If you are involved as owner or manager of more than one
swine farm, please respond for the farm site that has had greater manure management
challenges).
Q1 What best describes your role on this swine farm?
Owner-operator (1)
Manager (2)
Owner (limited day-to-day management) (3)

Q88 In which state is this farm located?
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▼ Alabama (1) ... Wyoming (52)
Q2 How many years have you been involved with the operation of this swine farm?
Less than 5 years (1)
5 to 10 years (2)
11 to 20 years (3)
More than 20 years (4)
Q3 Do you own/manage swine production facilities on multiple sites?
Yes (1)
No (2)
Q5 What best describes the production system of this swine farm? (If you are involved as owner
or manager of more than one swine farm, please respond for the farm site that has had greater
manure management challenges).
Farrow-to-finish farm (1)
Farrow-to-nursery farm (5)
Farrow-to-wean farm (6)
Wean-to-finish farm (7)
Grow-finish or finishing farm (8)
Q4 Are the animals raised on this swine farm owned by the farm?
Yes (1)
No, raised under a contract (2)
End of Block: Farm characterization
Start of Block: Sows
Display This Question:
If What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Farrow-to-finish farm
Or What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Farrow-to-nursery farm
Or What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Farrow-to-wean farm
Q6s What is the size of the sow herd (typical number of sows during the year) in this site?
________________________________________________________________

Display This Question:
If What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Farrow-to-finish farm
Or What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Farrow-to-nursery farm
Or What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Farrow-to-wean farm
Q7s What is the main housing system used for the gestation sows?
Group sow housing with solid floor (2)
Partially slotted open pens (no stalls) (3)
Individual stalls with partially slotted-floor (4)
All slotted-floor building (5)
Limited or no housing provided (6)
Display This Question:
If What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Farrow-to-finish farm
Or What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Farrow-to-nursery farm
Or What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Farrow-to-wean farm
Q8s How is manure collected from the housing system you use for the gestation sows?
Scraping: Mechanical or manual scaping of solids (2)
In-building long term storage: Deep pits (4)
Gravity drain: Pull-plug systems (5)
Flushing: Open flush gutter, under floor flush gutter (6)
Display This Question:
If What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Farrow-to-finish farm
Or What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Farrow-to-nursery farm
Or What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Farrow-to-wean farm
Q9s How long has the current housing and manure collection system been in place for the
gestation sows?
Less than 5 years (4)
5 to 10 years (5)
11 to 20 years (6)
More than 20 years (7)
Display This Question:
If How is manure collected from the housing system you use for the gestation sows? =
Flushing: Open flush gutter, under floor flush gutter
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Q10s What share of the water used for flushing is typically recycled water? (Enter estimate to
nearest 5 or 10%.)
Recycled water (1) ________________________________________________
Display This Question:
If How is manure collected from the housing system you use for the gestation sows? =
Gravity drain: Pull-plug systems
Q11s Do you recharge the pits with water after pulling plugs?
Yes (1)
No (2)
Display This Question:

If Do you recharge the pits with water after pulling plugs? = Yes
Q12s What share of the water used for recharging pits is typically recycled water? (Enter estimate
to nearest 5 or 10%.)
Recycled water (1) ________________________________________________
Display This Question:
If What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Farrow-to-finish farm
Or What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Farrow-to-nursery farm
Or What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Farrow-to-wean farm

Q14s This question relates to manure from other animals that might be raised on this site. For
each animal grouping listed, where does the majority of the manure get handled and stored?
(Select one per row) NA / Offsite: Animals (and their manure) are not in this site. Primary
system: Same facility as for manure from the gestation sows. Secondary system: Separate
storage and handling facilities.
NA / Offsite (1)
Primary system (3)
Secondary system (4)
Growers (1)

O

O

O

Gilts (2)

O

O

O

Piglets (3)

O

O

O

Finishers (9)

O

O

O

Other manure
sources (11)

O

O

O

End of Block: Sows
Start of Block: Finishing

Display This Question:
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If What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Wean-to-finish farm
Or What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Grow-finish or finishing farm
Q6f What is the size of the finishing herd (typical number of finishers during the
year)?_______________________________________________________________

Display This Question:
If What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Wean-to-finish farm
Or What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Grow-finish or finishing farm
Q7f What is the main housing system you use for the finishing herd?
All slotted-floor building (4)
Partially slotted-floor building (3)
Hoop or other loose-housing system (2)
Limited or no housing provided (7)
Display This Question:
If What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Wean-to-finish farm
Or What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Grow-finish or finishing farm
Q8f How is manure collected from the housing system you use for the finishing herd? (Check all
that apply)
Scrapping: Mechanical or manual scaping of solids (2)
In-building long term storage: Deep pits (4)
Gravity drain: Pull-plug systems (1)
Flushing: Open flush gutter, under floor flush gutter (3)
Display This Question:
If What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Wean-to-finish farm
Or What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Grow-finish or finishing farm
Q9f How long has the current system of housing and manure collection been in place for the
finishing herd?
Less than 5 years (4)
5 to 10 years (5)
11 to 20 years (6)
More than 20 years (7)
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Display This Question:

If How is manure collected from the housing system you use for the finishing herd? (Check
all that a... = Flushing: Open flush gutter, under floor flush gutter
Q10f What share of the water used for flushing is typically recycled water? (Enter estimate to
nearest 5 or 10%.)
Recycled water (1) ________________________________________________
Display This Question:
If How is manure collected from the housing system you use for the finishing herd? (Check
all that a... = Gravity drain: Pull-plug systems
Q11f Do you recharge the pits with water after pulling plugs?
Yes (1)
No (2)
Display This Question:
If Do you recharge the pits with water after pulling plugs? = Yes
Q12f What share of the water used for recharging pits is typically recycled water? (Enter estimate
to nearest 5 or 10%.)
Recycled water (1) ________________________________________________
Display This Question:
If What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Wean-to-finish farm
Or What best describes the production system of this swine farm? (If you are involved as
owner or ma... = Grow-finish or finishing farm
Q14f This question relates to manure from other animals that might be raised on this site. For
each animal grouping listed, where does the majority of the manure get handled and stored?
(Select one per row) NA / Offsite: Animals (and their manure) are not in this site. Primary
system: Same facility as for manure from the gestation sows. Secondary system: Separate
storage and handling facilities.
NA / Offsite (1)

Primary system (2)

Secondary system (3)

Growers (1)

O

O

O

Gilts (2)

O

O

O

Piglets (3)

O

O

O

Other manure source: (9)

O

O

O
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End of Block: Finishing
Start of Block: Manure treatment
Q13f Do you use wet/dry feeders?
Yes (1)
No (2)

Q87Bot Honey Pot Do you use water colums feeders?
Yes (1)
No (2)

Q15 What other types of impaired water are typically combined with manure on this site? (Select
one option for each type.)
Primary system
Secondary system
Not applicable
(1)
(3)
(4)
Bedding (4)

O

O

O

Lot runoff (5)

O

O

O

Water from sprinklers/animal cooling (12)

O

O

O

Other type, specify: (7)

O

O

O
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Q16 Indicate whether the farm’s primary manure management system has included any of the
following, along with the state of usage.
Still
Tried, no
Never
using
longer use
used (5)
(1)
(3)
Addition of chemicals/additives (1)

O

O

O

Flocculation/coagulants (2)

O

O

O

Aeration/circulation (3)

O

O

O

Anaerobic digestion (4)

O

O

O

Electrochemical precipitation (5)

O

O

O

Mechanical separation (6)

O

O

O

Membrane technology (7)

O

O

O

Settling/sedimentation basin (9)

O

O

O

Treatment lagoon (exclude settling basins, holding
ponds, storage tanks, etc., not designed for biological
treatment) (10)

O

O

O

Weeping wall/picket dam (11)

O

O

O

Other liquid treatment (13)

O

O

O

Composting (19)

O

O

O

Direct drying (20)

O

O

O

Gasification (21)

O

O

O

Other solid treatment (22)

O

O

O

Display This Question:
If Indicate whether the farm’s primary manure management system has included any of the
following, a... [ Still using] (Count) > 0
Or Indicate whether the farm’s primary manure management system has included any of the
following, a... [ Tried, no longer use] (Count) > 0

Q18 What factors most influenced the selection of implemented manure treatment
technology? (Drag up to 3 factors into each of the two rating boxes).
Critical
Important
______ Low initial cost (1)

______ Low initial cost (1)

______ Low management demands (2)

______ Low management demands (2)

______ Low operational cost (3)

______ Low operational cost (3)

______ Low energy demand (4)

______ Low energy demand (4)

______ Meeting regulations (5)

______ Meeting regulations (5)
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______ Return on investment (6)

______ Return on investment (6)

______ Adaptation to farm conditions (7)

______ Adaptation to farm conditions (7)

______ Performing best functionally (8)

______ Performing best functionally (8)

______ Low maintenance (9)

______ Low maintenance (9)

______ Access to service and support (10)

______ Access to service and support (10)

______ Cost-share or incentives (11)

______ Cost-share or incentives (11)

______ Other, specify: (12)

______ Other, specify: (12)

Page Break
Display This Question:
If Indicate whether the farm’s primary manure management system has included any of the
following, a... [ Still using] (Count) > 0
Or Indicate whether the farm’s primary manure management system has included any of the
following, a... [ Tried, no longer use] (Count) > 0
Q19 What were the main desired outcomes of the manure treatment technologies that were
implemented? (Drag up to 3 factors into each of the two rating boxes).
Critical
Important
Retaining storage/treatment capacity (1)

Retaining storage/treatment capacity (1)

Facilitating transportation (2)

Facilitating transportation (2)

Allowing re-use/recycling of water (3)

Allowing re-use/recycling of water (3)

Fitting preferred land-application system (4)

Fitting preferred land-application system (4)

Reducing workload (5)

Reducing workload (5)

Exporting nutrients (6)

Exporting nutrients (6)

Reducing plugging (7)

Reducing plugging (7)

Reducing land needed for application (8)

Reducing land needed for application (8)

Reducing odors (9)

Reducing odors (9)

Producing renewable energy (10)

Producing renewable energy (10)

Creating value-added products (11)

Creating value-added products (11)

Committing to environmental stewardship (12)

Committing to environmental stewardship (12)

Expanding facility (13)

Expanding facility (13)

Meeting regulatory requirements (14)

Meeting regulatory requirements (14)

Reducing manure volume handled (15)

Reducing manure volume handled (15)

Addressing community concerns (16)

Addressing community concerns (16)

Generating/reusing bedding material (17)

Generating/reusing bedding material (17)
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Other, specify: (18)

Other, specify: (18)

Page Break
Q20 Looking ahead, what are the top needs or desired outcomes for enhancing the performance
of the farm’s primary manure management system? (Drag up to 3 items into each of the two
rating boxes).
Highest priorities
Desired
Retaining storage/treatment capacity (1)

Retaining storage/treatment capacity (1)

Facilitating transportation (2)

Facilitating transportation (2)

Allowing re-use/recycling of water (3)

Allowing re-use/recycling of water (3)

Fitting preferred land-application system (4)

Fitting preferred land-application system (4)

Reducing workload (5)

Reducing workload (5)

Exporting nutrients (6)

Exporting nutrients (6)

Reducing plugging (7)

Reducing plugging (7)

Reducing land needed for application (8)

Reducing land needed for application (8)

Reducing odors (9)

Reducing odors (9)

Producing renewable energy (10)

Producing renewable energy (10)

Creating value-added products (11)

Creating value-added products (11)

Committing to environmental stewardship (12)

Committing to environmental stewardship (12)

Expanding facility (13)

Expanding facility (13)

Meeting regulatory requirements (14)

Meeting regulatory requirements (14)

Reducing manure volume handled (15)

Reducing manure volume handled (15)

Addressing community concerns (16)

Addressing community concerns (16)

Generating/reusing bedding material (17)

Generating/reusing bedding material (17)

Other, specify: (18)

Other, specify: (18)

Page Break
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Q21 What are the biggest barriers (concerns) to upgrading the manure management system on
this farm, especially through adoption of manure treatment technology? (Drag up to 3 items into
the rating box).
Top barriers
______ Initial cost (1)
______ Management demand (2)
______ Operational cost (3)
______ Energy demand (4)
______ Regulations (5)
______ Return on investment (6)
______ Adaptation to farm conditions (7)
______ Functional performance (8)
______ Maintenance issues (9)
______ Access to service and support (10)
______ Lack of cost-share or incentives (11)
______ Facility expansion (13)
______ Environmental stewardship (14)
______ Other, specify: (12)

Page Break
Q22 What treatment technologies, if any, have you recently considered or are you considering to
upgrade the farm’s manure management system in the future? If you have not considered any of
these technologies, please ONLY drag “none” into the box; otherwise drag up to 3 items into the
rating box.
Considering
______ Addition of chemicals/additives (1)
______ Flocculation/coagulants (2)
______ Aeration/circulation (3)
______ Anaerobic digestion (4)
______ Electrochemical precipitation (5)
______ Mechanical separation (6)
______ Membrane technology (7)
______ Settling/sedimentation basin (9)
______ Treatment lagoon (exclude settling basins, holding ponds, storage tanks, etc., not
designed for biological treatment) (10)
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______ Weeping wall/picket dam (11)
______ Composting (14)
______ Direct drying (15)
______ Gasification (16)
______ Other, specify: (18)
______ None (19)
Page Break
Q23 What outside services does the swine farm utilize in managing manure? (Check all that
apply).
Nutrient management planning (1)
Manure broker (off-farm sales) (2)
Custom hauling/applicator (4)
Other, specify: (5) ________________________________________________

Q25 About how many acres of each of the following does the swine farm control?
Tillable ground : _______ (1)
Permanent pasture or forage : _______ (2)
Total : ________

Page Break
Q26 Considering only manure that is applied on land controlled by the swine farm, about what
percentage of the manure is applied for growing each of the following crops in a typical year?
(must sum to 100%).
Corn : _______ (1)
Soybeans : _______ (2)
Pasture : _______ (3)
Wheat : _______ (4)
Alfalfa : _______ (5)
Other hay crops : _______ (6)
Total : ________

Q27 How far is manure and manure-based material transported for land application (include
material moved off farm)? Estimate percentages of manure materials moved across the following
distances (must sum to 100%):
Within 1 mile of the storage facility : _______ (1)
Within 1 to 3 miles of the storage facility : _______ (2)
Further than 3 miles from the storage facility : _______ (3)
Total : ________
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Q29 What share of the total manure volume generated on this site ends up being applied as
liquid or pumpable slurry? (Enter estimate to nearest 5 or 10%).
Liquid/Slurry (1) ________________________________________________

Page Break
Q28 About how much, if any, manure and manure-based material is typically ‘moved off the
farm’? (For each material group, enter the estimated share that is marketed, sold or given away).
Display This Choice:
If If What share of the total manure volume generated on this site ends up being applied as
liquid or s... Liquid/Slurry (%) Is Less Than 100
Off-farmed solid material (4) ________________________________________________
Display This Choice:
If If What share of the total manure volume generated on this site ends up being applied as
liquid or s... Liquid/Slurry (%) Is Greater Than 0
Off-farmed semi-solid/slurry/liquid material (5)
_______________________________________________

Display This Question:
If If What share of the total manure volume generated on this site ends up being applied as
liquid or p... Liquid/Slurry Is Greater Than 0
Q30 How are the liquid and slurry materials transported to fields for land application? Select
all that apply.
Tank wagon or truck (1)
Drag hose (2)
In-ground pipeline (3)
Other, specify: (4) ________________________________________________

Display This Question:
If If What share of the total manure volume generated on this site ends up being applied as
liquid or p... Text Response Is Greater Than 0
Q31 How are the liquid and slurry materials land-applied? (Select all methods utilized).
Irrigated (irrigation system) (1)
Broadcasted with incorporation within 24 hours (2)
Broadcasted without incorporation within 24 hours (3)
Injected ('knifed in') (8)
Other, specify: (4) ________________________________________________
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Q24 If you are considering making changes to the current manure management system within the
next five years, what part(s) of the system are you looking to add or improve? (Check all that
apply).
Manure collection and/or transfer to storage (1)
Manure processing or treatment (2)
Storage facilities (4)
Transport from manure storage (7)
Land application (5)
None/NA (6)

Page Break
Q32 What is your age?
18-29 (1)
30-39 (2)
40-49 (3)
50-59 (4)
60-69 (5)
70 or older (6)
Q78 What is your gender?
Male (1)
Female (2)
(3) ________________________________________________
Q34 What is your ethnicity?
Native American Indian (1)
Black/African American (2)
White (Not Hispanic) (3)
Asian/Pacific Islander (4)
Hispanic (5)
Other (6)
Q35 This is a level 1 survey of swine producers. Our team may want to follow-up at a later time
on producer experiences and perspectives about specific manure management systems or
treatment technologies. If you would be willing to be contacted for follow-up, please provide your
contact information. Your information will be kept confidential to the extent allowed by law and
University policy and will be used only for the research purpose of this study.
Name (1) ________________________________________________
Phone number (2) ________________________________________________
Email (3) ________________________________________________

Page Break
Q84
Thanks for completing the survey!
If you would like to enter the drawing, please provide your email address. This information will be
only used for the drawing of $100 gift cards for preferred manure and/or soil analysis laboratories.
The odds of winning are no lower than 1 in 50.
Email (1) ________________________________________________
End of Block: Manure treatment

Appendix F. Dairy producers survey.
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Dairy NE- Manure Management
Start of Block: Block 1
Utilization of Manure Management Technologies by Dairy Farms
The University of Nebraska-Lincoln Animal Manure Management Team is conducting this survey to foster
development of technologies that meet the practical manure management needs of modern dairy
farms. The survey questions address the prevalence of existing systems and practices, needs for and
desired outcomes of manure treatment, and current levels of adoption of and satisfaction with treatment
technology by dairy producers. The survey is intended to be completed by dairy farm operators and/or
facility managers. Anticipated completion time is 10-20 minutes.
By filling out the following form, you are consenting to the responses being used for applied research as well
as extension purposes. Your participation in this study is voluntary and your answers will be kept confidential
to the extent allowed by law and University policy. Individual responses will never be published. All data will
be aggregated before release. If you have questions about your rights as a participant, please contact the
UNL Institutional Review Board at 402-472-6965 or irb@unl.edu. If you are willing to provide details about
the technical and economic aspects of your manure management system, you can voluntarily provide your
contact information at the end of the survey.
All of those who complete the survey will be eligible for a drawing for $100 gift cards for preferred manure
and/or soil analysis laboratories. The drawing will be conducted by Juan Ramos, using an online random
number generator. Winning participants will be contacted by email after the survey distribution period ends.
The odds of winning are no lower than 1 in 50.
I confirm I am at least 19 and I have read the consent form and agree to voluntarily participate in this survey.
Yes (1)
No (2)
Page Break
End of Block: Block 1
Start of Block: The University of Nebraska-Lincoln Manure Team has created this survey with the
Use the arrows at the bottom of the page to move backward and forward in the survey.

Your answers to the following questions will help us understand what facilities exist and how manure is
handled on the dairy farm. (If you are involved as owner or manager of more than one dairy farm, please
respond for the farm site that has had greater manure management challenges).

Q5 What is the size of the lactating herd (typical number of cows milked)?
__________________________________________________________
Q71 In which state is this farm located?
▼ Alabama (1) ... Wyoming (52)

Q4 How many years have you been involved with the operation of this dairy farm?
Less than 5 years (1)
5 to 10 years (2)
11 to 20 years (3)
More than 20 years (4)
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Q59 What best describes your role on this dairy farm?
Owner-operator (1)
Manager (2)
Owner (limited day-to-day management) (3)
Q6 What is the main housing system used for the lactating herd?
Freestall barn (1)
Tiestall or stanchion barn (5)
Compost barn or other loose-housing system (6)
Limited or no housing provided (7)

Q9 What bedding materials have been used in this facility? (Check all that apply).
Use now (1)

Used in the past (2)

Never used (4)

Sand (1)

O

O

O

Wood shavings (2)

O

O

O

Chopped straw (3)

O

O

O

Long straw (4)

O

O

O

Lime (5)

O

O

O

Sawdust (6)

O

O

O

Rice hulls (7)

O

O

O

Paper (8)

O

O

O

Others, specify: (9)

O

O

O

Page Break
Q8 How is manure collected from cow alleys in this facility?
Flush (1)
Scrape directly to storage (2)
Scrape to a transfer system (gravity channel, auger, flush-flume, etc.) (4)
Collect and haul with vacuum truck (5)
Other, specify: (3) ________________________________________________

Display This Question:
If How is manure collected from cow alleys in this facility? = Flush
Or How is manure collected from cow alleys in this facility? = Scrape to a transfer system (gravity
channel, auger, flush-flume, etc.)
Or How is manure collected from cow alleys in this facility? = Collect and haul with vacuum truck
Q57 What share of the water used for flushing the cow alleys is typically recycled water? (Enter estimate to
nearest 5 or 10%.)
Recycled water (1) ________________________________________________
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q7 How long has the current system of housing, bedding material, and manure collection been in place for
the lactating herd?
Less than 5 years (1)
5 to 10 years (2)
11 to 20 years (3)
More than 20 years (4)
Q70 Do you use water colums feeders?
Yes (1)
No (2)

Q10 This question relates to manure from other animals that might be raised on this site. For each animal
grouping listed, where does the majority of the manure get handled and stored? (Select one per row) NA /
Offsite: Animals (and their manure) are not on this site. Primary system: Same facility as for manure from
lactating cows. Secondary system: Separate storage and handling facilities.
Offsite (1) Primary system (2) Secondary system (3)
Dry cows (Q10_1)

O

O

O

Maternity & special needs (Q10_9)

O

O

O

Pre-weaned calves (Q10_2)

O

O

O

Immature heifers (Q10_3)

O

O

O

Breeding age & bred heifers (Q10_10)

O

O

O

Other manure source: (Q10_8)

O

O

O

Q11 What other types of impaired water are typically combined with manure on this site? (Select one option
for each type.)
Primary system
(1)

Secondary system
(2)

Not applicable
(3)

Milking center wastewater (4)

O

O

O

Water from sprinklers/cow cooling
(12)

O

O

O

Lot runoff (5)

O

O

O

Silage leachate (6)

O

O

O

Other type, specify: (7)

O

O

O

Page Break
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Q20 Indicate whether the farm’s primary manure management system has included any of the following,
along with the state of usage.
Still
Tried, no
Never
using
longer use
used (3)
(1)
(2)
Addition of chemicals/additives (1)

O

O

O

Flocculation/coagulants (2)

O

O

O

Aeration/circulation (3)

O

O

O

Anaerobic digestion (4)

O

O

O

Electrochemical precipitation (5)

O

O

O

Mechanical separation (6)

O

O

O

Membrane technology (7)

O

O

O

Sand settling lane (8)

O

O

O

Settling/sedimentation basin (9)

O

O

O

Treatment lagoon (exclude settling basins, holding ponds,
storage tanks, etc., not designed for biological treatment) (10)

O

O

O

Weeping wall/picket dam (11)

O

O

O

Other liquid treatment (13)

O

O

O

Composting (19)

O

O

O

Direct drying (20)

O

O

O

Gasification (21)

O

O

O

Other solid treatment (22)

O

O

O

Display This Question:
If Indicate whether the farm’s primary manure management system has included any of the following,
a... [ Still using] (Count) > 0
Or Indicate whether the farm’s primary manure management system has included any of the following,
a... [ Tried, no longer use] (Count) > 0
Q21 What factors most influenced the selection of implemented manure treatment technology? (Drag up to
3 factors into each of the two rating boxes).
Critical
Important
______ Low initial cost (1)

______ Low initial cost (1)

______ Low management demands (2)

______ Low management demands (2)

______ Low operational cost (3)

______ Low operational cost (3)

______ Low energy demand (4)

______ Low energy demand (4)

______ Meeting regulations (5)

______ Meeting regulations (5)

______ Return on investment (6)

______ Return on investment (6)

______ Adaptation to farm conditions (7)

______ Adaptation to farm conditions (7)

______ Performs best functionally (8)

______ Performs best functionally (8)

194
______ Low maintenance (9)

______ Low maintenance (9)

______ Access to service and support (10)

______ Access to service and support (10)

______ Cost-share or incentives (11)

______ Cost-share or incentives (11)

______ Other, specify: (12)

______ Other, specify: (12)

Page Break
Display This Question:
If Indicate whether the farm’s primary manure management system has included any of the following,
a... [ Still using] (Count) > 0
Or Indicate whether the farm’s primary manure management system has included any of the following,
a... [ Tried, no longer use] (Count) > 0
Q22 What were the main desired outcomes of the manure treatment technologies that were implemented?
(Drag up to 3 factors into each of the two rating boxes).
Critical
Important
______ Retaining storage/treatment capacity (1)

______ Retaining storage/treatment capacity (1)

______ Facilitating transportation (2)

______ Facilitating transportation (2)

______ Allowing re-use/recycling of water (3)

______ Allowing re-use/recycling of water (3)

______ Fitting preferred land-application system
(4)

______ Fitting preferred land-application system
(4)

______ Reducing workload (5)

______ Reducing workload (5)

______ Exporting nutrients (6)

______ Exporting nutrients (6)

______ Reducing plugging (7)

______ Reducing plugging (7)

______ Reducing land needed for application (8)

______ Reducing land needed for application (8)

______ Reducing odors (9)

______ Reducing odors (9)

______ Producing renewable energy (10)

______ Producing renewable energy (10)

______ Creating value-added products (11)

______ Creating value-added products (11)

______ Committing to environmental stewardship
(12)

______ Committing to environmental stewardship
(12)

______ Expanding facility (13)

______ Expanding facility (13)

______ Meeting regulatory requirements (14)

______ Meeting regulatory requirements (14)

______ Reducing manure volume handled (15)

______ Reducing manure volume handled (15)

______ Addressing community concerns (16)

______ Addressing community concerns (16)

______ Generating/reusing bedding material (17)

______ Generating/reusing bedding material (17)

______ Other, specify: (18)

______ Other, specify: (18)

Page Break

Q23 Looking ahead, what are the top needs or desired outcomes for enhancing the performance of the
farm’s primary manure management system? (Drag up to 3 items into each of the two rating boxes).
Highest priorities
Desired
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______ Retaining storage/treatment capacity (1)

______ Retaining storage/treatment capacity (1)

______ Facilitating transportation (2)

______ Facilitating transportation (2)

______ Allowing re-use/recycling of water (3)

______ Allowing re-use/recycling of water (3)

______ Fitting preferred land-application system
(4)

______ Fitting preferred land-application system
(4)

______ Reducing workload (5)

______ Reducing workload (5)

______ Exporting nutrients (6)

______ Exporting nutrients (6)

______ Reducing plugging (7)

______ Reducing plugging (7)

______ Reducing land needed for application (8)

______ Reducing land needed for application (8)

______ Reducing odors (9)

______ Reducing odors (9)

______ Producing renewable energy (10)

______ Producing renewable energy (10)

______ Creating value-added products (11)

______ Creating value-added products (11)

______ Committing to environmental stewardship
(12)

______ Committing to environmental stewardship
(12)

______ Expanding facility (13)

______ Expanding facility (13)

______ Meeting regulatory requirements (14)

______ Meeting regulatory requirements (14)

______ Reducing manure volume handled (15)

______ Reducing manure volume handled (15)

______ Addressing community concerns (16)

______ Addressing community concerns (16)

______ Generating/reusing bedding material (17)

______ Generating/reusing bedding material (17)

______ Other, specify: (18)

______ Other, specify: (18)

Page Break
Q24 What are the biggest barriers (concerns) to upgrading the manure management system on this farm,
especially through adoption of manure treatment technology? (Drag up to 3 items into the rating box).
Top barriers
______ Initial cost (1)
______ Management demand (2)
______ Operational cost (3)
______ Energy demand (4)
______ Regulations (5)
______ Return on investment (6)
______ Adaptation to farm conditions (7)
______ Functional performance (8)
______ Maintenance issues (9)
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______ Access to service and support (10)
______ Lack of cost-share or incentives (11)
______ Facility expansion (13)
______ Environmental stewardship (14)
______ Other, specify: (12)
Page Break
Q25
What treatment technologies, if any, have you recently considered or are you considering to upgrade the
farm’s manure management system in the future? If you have not considered any of these
technologies, please ONLY drag “none” into the box; otherwise drag up to 3 items into the rating box.
Considering
______ Addition of chemicals/additives (1)
______ Flocculation/coagulants (2)
______ Aeration / circulation (3)
______ Anaerobic digestion (4)
______ Electrochemical precipitation (5)
______ Mechanical separation (6)
______ Membrane technology (7)
______ Sand settling lane (8)
______ Settling/sedimentation basin (9)
______ Treatment lagoon (exclude settling basins, holding ponds, storage tanks, etc., not designed for
biological treatment) (10)
______ Weeping wall / picket dam (11)
______ Composting (14)
______ Direct drying (15)
______ Gasification (16)
______ Other, specify: (18)
______ None (17)

Page Break
Q12 What outside services does the dairy farm utilize in managing manure? (Check all that apply)
Nutrient management planning (1)
Manure broker (off-farm sales) (2)
Custom hauling/applicator (4)
Other, specify: (5) ________________________________________________

Page Break
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Q17 About how many acres of each of the following does the dairy farm control?
Tillable ground : _______ (1)
Permanent pasture or forage : _______ (2)
Total : ________

Q18 Considering only manure that is applied on land controlled by the dairy farm, about what percentage of
the manure is applied for growing each of the following crops in a typical year? (must sum to 100%).
Corn : _______ (1)
Soybeans : _______ (2)
Pasture : _______ (3)
Wheat : _______ (4)
Alfalfa : _______ (5)
Other hay crops : _______ (6)
Total : ________

Page Break
Q16 How far is manure and manure-based material transported for land application (include material moved
off farm)? Estimate percentages of manure materials moved across the following distances (must sum to
100%):
Within 1 mile of the milking facility : _______ (1)
Within 1 to 3 miles of the milking facility : _______ (2)
Further than 3 miles from the milking facility : _______ (3)
Total : ________

Q15 What share of the total manure volume generated on this site ends up being applied as liquid or
pumpable slurry? (Enter estimate to nearest 5 or 10%).
(%) Liquid/Slurry. (1) ________________________________________________

Q65 About how much, if any, manure and manure-based material is typically ‘moved off the farm’? (For
each material group, enter the estimated share that is marketed, sold or given away).
Display This Choice:
If If What share of the total manure volume generated on this site ends up being applied as liquid or s...
(%) Liquid/Slurry. Is Less Than 100
Off-farmed solid material (4) ________________________________________________
Display This Choice:
If If What share of the total manure volume generated on this site ends up being applied as liquid or s...
(%) Liquid/Slurry. Is Greater Than 0
Off-farmed semi-solid/slurry/liquid material (5)
________________________________________________

Display This Question:
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If If What share of the total manure volume generated on this site ends up being applied as liquid or p...
Text Response Is Greater Than 0
Q13 How are the liquid and slurry materials transported to fields for land application? Select all that apply.
Tank wagon or truck (1)
Drag hose (2)
In-ground pipeline (3)
Other, specify: (4) ________________________________________________

Display This Question:
If If What share of the total manure volume generated on this site ends up being applied as liquid or p...
Text Response Is Greater Than 0
Q13.1 How are the liquid and slurry materials land-applied? (Select all methods utilized).
Irrigated (irrigation system) (1)
Broadcasted w/incorporation within 24 hours (2)
Broadcasted wo/incorporation within 24 hours (3)
Injected ('knifed in') (8)
Other, specify: (4) ________________________________________________

Q14 If you are considering making changes to the current manure management system within the next
five years, what part(s) of the system are you looking to add or improve? (Check all that apply).
Manure collection and/or transfer to storage (1)
Manure processing or treatment (2)
Storage facilities (4)
Transport from manure storage (7)
Land application (5)
None/NA (6)
Page Break
Q1 What is your age?
19-29 (1)
30-39 (2)
40-49 (3)
50-59 (4)
60-69 (5)
70 or older (6)

Q2 What is your gender?
Male (1)
Female (2)
3 (3) ________________________________________________
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Q3 What is your ethnicity?
Native American Indian (1)
Black/African American (2)
White (Not Hispanic) (3)
Asian/Pacific Islander (4)
Hispanic (5)
Other (6)
Q26 This is a level 1 survey of dairy producers. Our team may want to follow-up at a later time on producer
experiences and perspectives about specific manure management systems or treatment technologies. If
you would be willing to be contacted for follow-up, please provide your contact information. Your information
will be kept confidential to the extent allowed by law and University policy and will be used only for the
research purpose of this study.
Name (1) ________________________________________________
Phone number (2) ________________________________________________
Email (3) ________________________________________________
Page Break
Q68
Thanks for completing the survey!
If you would like to enter the drawing, please provide your email address. This information will be only used
for the drawing of $100 gift cards for preferred manure and/or soil analysis laboratories. The odds of winning
are no lower than 1 in 50.
Email (1) ________________________________________________
End of Block: The University of Nebraska-Lincoln Manure Team has created this survey with the

Appendix G. Question types and frequencies in the swine and dairy surveys.
Code
type

CSS

CSS

Java
Script

Java
Script
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Purpose

Code

Increase the
heights of
the Drag &
Drop boxes
in Pick, Sort,
and Rank
questions
Places a
border
around the
item’s
column in
Pick, Sort,
and Rank
questions
Increases the
droppable
region of the
Drag & Drop
boxes
Hides ranks
in the Drag
& Drop
boxes

.Skin .PGR .DragAndDrop .NoColumns td.groupsContainerTd div
h2,.Skin .PGR .DragAndDrop .NoColumns td.groupsContainerTd div
ul{height:50px}
.Skin .PGR .DragAndDrop .NoColumns td.groupsContainerTd
div>div{height:400px}
.Skin .PGR .DragAndDrop .Items>ul{border-width:1px;borderstyle:solid}

Java
Script

Allows
deselection
in Multiple
Choice and
Likert
Matrix
Tables
question
types

Java
Script

Places a “%”
after the text
box in Form
Field
questions

.Skin .PGR .DragAndDrop .Items>ul{border-width:1px;borderstyle:solid}

Qualtrics.SurveyEngine.addOnReady(function()
{ jQuery(".Group
ul.PGRSortable").css("height",parseInt(jQuery(".Items").css("height").
replace("px",""))- parseInt(jQuery(".Group h2").css("height"))+"px");
});
Qualtrics.SurveyEngine.addOnload(function()
{jQuery(".rank").hide(); });
Qualtrics.SurveyEngine.addOnload(function() { var QID =
this.questionId; var that = this; var counts = []; var
radioButtonsClean = []; var radioButtons =
$(QID).getElementsByTagName('input'); var radioIndex = [];
for(var i=0; i<radioButtons.length; i++) { if(radioButtons[i].type ==
'radio') {
radioButtonsClean.push(radioButtons[i]);
radioIndex.push(radioButtons[i].id) } }
for(var i=0; i<radioButtonsClean.length; i++) {counts[i] = 0;}
this.questionclick = function(event,element){ if (element.type ==
'radio') { var thisId = element.id; var spotCheck =
radioIndex.indexOf(thisId); var count = counts[spotCheck];
if
(count == 0) { for(var i=0; i<counts.length; i++) {
counts[i] = 0;
} counts[spotCheck] = 1;
}
else {
this.setChoiceValue(element.id.split('~')[2], element.id.split('~')[3],
false); counts[spotCheck] = 0; } } }});
Qualtrics.SurveyEngine.addOnload(function()
{var inputs =
$(this.getQuestionContainer()).select('input[type="text"]');
for (var i = 0; i < inputs.length; i++) { var input = inputs[i];
$(input).insert({after: ' %'});}

4. CHAPTER 4: SUMMARY AND RECOMMENDATIONS
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4.1. Key findings
•

Monitoring nutrient fate and transport in beef feedlot manure and wastewater
allows to identify management practices that optimize nutrient retention,
maximizing the nutrient value of manure and runoff holding pond effluent. Edgeof-field runoff monitoring systems and collection tanks are two options to
monitor feedlot runoff flow and nutrient composition in a pen scale. Each system
can be automated to different extents, with labor demand decreasing and cost
increasing as sophistication of automation increases.

•

Initial cost and operational cost are primary barriers to manure treatment
technology adoption among the surveyed dairy and swine farms. Management
demand is an important barrier in swine operations.

•

The main factors behind the adoption of the technologies in the surveyed dairy and
swine farms were low management and maintenance demand, adaptation to farm
conditions, and optimized functionality.

•

The main desired outcomes of the adoption of the manure treatment technologies
were fitting the preferred land application system, retaining storage or treatment
capacity, and meeting regulations in both swine and dairy operations. Allowing
water reuse was a predominant need in dairy farms.

•

Accommodating existing land application systems and retaining storage or
treatment capacity continue to be important needs for future adoption of
technologies for swine and dairy farmers. Exporting nutrients and reducing
workload are emerging needs of both dairy and swine producers.

•
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Technologies that reduce gas production in stored manure and associated risks,
and a need for technologies demonstrated to perform consistently over time, were
critical needs identified by the focus group.

•

Changes in land application regulations and in the supply of custom landapplication are the main trends impacting or potentially impacting manure
management needs.

•

To inform their manure management, swine producers rely on information from
fellow producers, university extension, vendors, integrators, and online sources.

•

As future extension programming, university led farmer discussion groups in
manure management are recommended as producers value and trust information
coming from their peers.

4.2. Summary
This research contributes to the understanding of 1.) available options to monitor
the fate and transport of valuable manure nutrients in beef feedlot production systems to
optimize nutrient retention and subsequent manure value and 2.) approaches toincrease
adoption of treatment technologies on swine and dairy farms.
The primary objectives of this work were to:
1) Identify design alternatives for monitoring runoff from individual pens and
analyze the designs to support selection of a system to implement at the “700
alley” section of the feedlot at the Eastern Nebraska Research Extension and
Education Center (ENREEC).

2) Assess needs for, desired outcomes, and barriers for adoption of manure
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treatment technologies, current levels of technology adoption and satisfaction
of swine and dairy producers in the Midwest.
Chapter 2 focuses on the first objective. Two runoff monitoring systems were
designed for the conditions of the “700 alley” section of the feedlot at the ENREEC. The
feedlot has sixteen pens, each with an area of 208 m2. Both systems were designed to be
able to account for pen-scale variability, allowing to account for the impact of
management practices on nutrients in runoff. Historical precipitation, surface conditions,
and site area were considered to model runoff production and size the structures and
equipment recommended for each system. The first design was an edge-of-field runoff
monitoring system that utilizes off-the-shelf flumes, automatic sensors, and automatic
samplers to monitor runoff flow and composition, with an estimated cost of $13,100 per
pen. The system can monitor runoff without the construction of collection structures,
requiring low disturbance of the actual conditions of the feedlot. The second option is a
concrete runoff collection tank with limited monitoring equipment. Five tank sizes were
proposed, with the capacity to hold 74 to 99% of the expected precipitation events. To
automize the tank systems, an Arduino-based automatic valve connected to an Internet of
Things platform via Wi-Fi was designed and prototype-level tested. The system allows
real time recording of collected runoff volume with manual release of collected runoff or
programmable aperture of the discharge valve. The estimated cost of the automatic tanks
systems is between $2,200 and $3,300, depending on tank size. Construction of concrete
tanks requires a major disturbance of the 700-alley feedlot and does not allow automatic
sampling.
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The second objective was addressed in Chapter 3. A needs assessment was
conducted among swine and dairy producers in the Midwest. Online surveys were
developed and distributed separately to swine and dairy producers and an online focus
group was conducted with swine farmers. The surveys collected information about manurerelated practices in the animal facilities, manure storage and handling, and landapplication. The focus group compiled insights on the topics covered by the survey,
perceptions of future trends that might impact current manure management systems, and
potential extension actions to facilitate manure treatment technologies adoption. The main
factors behind the adoption of the technologies being used in the surveyed dairy and swine
farms were technology’s low management and maintenance demand, adaptation to farm
conditions, and performing best functionally. The main desired outcomes of the adoption
of the manure treatment technologies were fitting the preferred land application system,
retaining storage or treatment capacity, and meeting regulations in both swine and dairy
operations. Accommodating existing land application systems, retaining storage or
treatment capacity, and decreasing hazardous gas production are important needs for future
adoption of technologies. Exporting nutrients and reducing workload are emerging needs
for both dairy and swine producers. Initial cost, operational cost, and return on investment
are the main barriers to upgrading the manure management system in swine and dairy
farms; and management demand is an important barrier in swine operations. Changes in
regulations and the fluctuant availability of manure hauling services are the important
trends affecting farm manure management. For future extension programming, university
lead farmer discussion groups in manure management are recommended as producers value
and trust information coming from their peers.

4.3. Recommendations for Future Research, Outreach, and Education
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4.3.1. Feedlot runoff monitoring
• Test the Arduino-based runoff monitoring system in field conditions.
• Incorporate labor costs into the monitoring budgets.
• Compare the two systems in the field to identify the one that better adapts to the
needs and labor availability of future research studies.
4.3.2. Needs assessment of manure treatment technology adoption and satisfaction of
swine and dairy producers in the Midwest.
• Identify cost-effective manure treatment strategies that allow separation and
export of solids and nutrients.
• Continue to engage swine and dairy producers to ensure their participation in
future extension research and programming. Participation of farmers in this
study was limited.
• Develop extension programming covering manure storage safety, especially
covering hazardous gases risk mitigation actions.
• Identify outlets reaching swine and dairy producers to better communicate
activities and results of extension programming.
• Develop and facilitate online farmers discussions covering manure management
related topics, bringing together producers from multiple states and similar
production systems.
• Conduct needs assessment for other phases of livestock production.

